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— The book presents the theoretical fundamentals for designing
electro-optical instruments for orientation and navigation.

It examines the principles of construction and standard
circuitry for electro-optical instruments for varlous purposes.
Methods are presented for calculating parameters with considera-
tion of attenuation of radiation in the atmosphere and the effect
of backgrounds, and the special features of calculating the basic

Paramete¥s of equipment with lasers are also presented.

Methods for calculating the characteristics of radiation
sources are gliven.

The book is intended for speclalists engaged in the develop-
ment and planning of electro-optical instruments and may be use-
ful for students of the higher education instituftions.

‘174 illustrations, 32 tables, bibliography -- 70 titles.
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Forewaord

To control the movement of a spacecraft (SC) and accomplish
various tasks in investigating outer space, information is required
on the parameters of movement of the spacecraft itself as well as
on phenomena in its surrounding environment. This information can
be obtained with the use of measurements based on the use of
various physical principles. Along with radio engineering
systems, wider and wider application is being found by instruments
based on the use of radiations of the optical band of the elec-
tromagnetic spectrum.

211 instruments of electro-cptical .automatic equipment, homing

systems, electro-optical measurement instruments, and others
belong in this category.

These instruments are used for trajectory and orbital measure-
ments, the precise guidance of the carrier rockets of spacecraft
during launchings, for the automatic tracking of satellites, for
the guidance and homing of SC during approach and docking and
orientation of the SC relative to the earth, planets, and other
heavenly bodles, and for the correction of orbits or the execution
of a landing of the SC, meteorologlcal observations, and weather
forecasting.

Present-day. Soviet electro-cptical instrument making is
based on the works of famous sclentists N. D. Smirnov, V. V.
Meshkov, S. V. Yeliseyev, V. G. Vafiad', L. P. Lazarev, N. G.
Basov, A. M. Prokhorov, M. M. Miroshnikov, V. A. Khrustalev, D.
M. Khorol, and many others.

In this book, basic attention is devoted to the physical
principles of the construction of automatic electro-optical in-
struments which are employed in space technology, the special
features in the construction of schematic diagrams, and to the
calculation of the basic paramefters which determine thelr func-
tional properties.

Considering the ever wider use of lasers,.the authors
presented material in the book which throws light on the prin-
ciples for the construction of electro-optical instruments with
lasers and methods for thelr design.

=

The first part of the book outlines fundamentals of the ftheory
of electro-optical instruments and the principles for the con-

struction of instruments for various purposes.
The material of the second part of the book will give the

reader the opportunity to calculate the parameters of the electro-
optical equipment of a SC in the preliminary design stage.
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ELECTRC-OPTICAL* DEVICES OF SPACECRAFT
A. N. Iznar, A. V. Pavlov, and B. F. Fedorov
PART T /5%

PRINCIPLES OF THE DESIGN OF ELECTRO-OPTICAL INSTRUMENTS OF
SPACECRAFT

CHAPTER 1. SOURCES OF RADIATION AND THEIR CHARACTERISTICS

1.1. Standard Emitters and Their Characteristics

The basic energy characteristics are used for the calculation
of the parameters of any radiation source: the radiation energy,
radiation flux, eHergy brightness, energy Tuminosity: energy ir-
radiance, and also the spectral composition and three-dimensional
radiation pattern.

The formulas Which_descfibe the basic ehérgy characteristics
and the tie between them are presented in Table 1.

_ For accomplete description of the radiation source, it 1s
necessary to know not only the integral values of the character-
istics, for example, of the radiation flux, but also the spectral

composition of the radiation.

For this purpose, use is made of the concept of spectral
density of radiation flux A®;/4A.

For an infinitely small interval Ai, the relationship
Adp/Ax  (Filg. 1.1) 1s called the function of the spectral
density of radiation flux, i.e.

e, —gn.
ETUT, AR (1.1)

Integrating 1t for the entire spectrum,.we can find the value of
the total radiation flux

o] sevan | )

# Numbers in the margin indicate pagination in the foreilgn text.



Table 1.1

Basic¢ characteristics Connections between Remarks
characteristics
. I ‘
Radiation flux @=— or @=—r (1.9 & — 5B .3 W - energy
1
Energy luminous e @ dlg==BdAcosp oT, .
. : [ =— = — . - -—
intensity Za  OT I=— (1.9 Ty = BAcos sl © solld angle
‘ g
trightress Iy ‘ T on .7
or § Acos g (.6
- the angle between
Energy 4o ° the normal to the
i 3 R=— R==— (1.8) R=nB (1.9 radiative surface
-m%%§%ggiigg demsrty) a4 °F A : and the direction
Y under construction
Energy A - 2E§%a2£ 1lluminated
P diance dd 3 I ,
lrradiance =ga °F E=— (L1O). E=-7cesf  (1.109)| I, - distance from source
to irradiated source
f




By analogy with the function of /7

KN Brfunst’ ‘ the spectral density of radiation
’ IN\@ l flux &(x), we write the expressions
; \ for the functions of spectral den-
: Aty | sity of the other characteristics:
| ¢ !
i g l Energy brightness ¢
’ ._ﬂ?\ )\.-.nuL-Z-
i ) L . . ‘ lim A —_ dB}_ — (l), ‘ (1.12)
Fig. 1.1. Function of u~oAl o
spectral density of radi-
atlion flux. N _ \
R - Ener luminous intensit !
Key: 1. W/um; 2. um \ &y ~ y |
2= 10
AX—+0 ) I[ (l . 13 )
Energy irradiance
AE, dE; |
lm _'H"=_ﬂ—=e(l); ; )
A0 i (1.14)
Energy luminosity
AR, 4R '
i LI S %
e =& rﬂll (1.15)

The integration of these functions permits obtaining the
integral values of the quantities under consideration

(1.16)

4]

| }zb(l)dlzﬁ; ;f ;7(71)&:1; uf e(Ndr=E; ? r(l)d?.:i?,a
. ) ‘ |

The radiation of any object consists of the intrinsic
temperature radiation and the radiation of other sources reflecte
from 1t.



" Intrinsic temperature radiation is determined by the temper-
ature, shape, dimensions, and properties of the radiative surface.
The basic characteristics of temperature radiation of ideal black
bodies is calculated in accordance with the basiec laws of radia-
tion, the analytic expressions for which are given in Table 1.2.

Table 1.2
Analytical expression Remarks
f' g’; R‘? Ceonst=R(T)" | R'(T) & .__g_(z‘)ﬁf.Enezgy lumino-
Y ooe® ,sity and IBB (ideal

. (.17
LTy LTy
ATy e @(T7)

£, T) '
-a, 1)

=?ﬂ.ﬂ~—
(1.18)

‘= ... const

Kirchoff's law

‘black bddy at tempernturﬁ
o () & a{)— Absorb- =

tivity of a body and

IBE at temperature T

I

. &\
:r('A.T)=C11—5(eAT - z) — (1.19)

! Planck's law
!

' k
Cr=2mhe?, Cy=—° (1.20)

R(TMy=daT4—  (1.21)

Stefan-Boltzmann law

mi

Stefan—Bo}tzmann constant

Amaz T =const = |
‘ (=2806 p.deg-- ' (1.22)
|  Golitsyn-Wien law

e
r(Amaz, T)=1.315 (m) ,
W/ (em?- W) (1.23)

t

|

{

K 495 \-1
Jy=142.3x“5(e * -1) (1.29)
]

Note.

r (Y
r (Amax}
The “tables of values of this

function by argument are
presented in work [20]

S ST
-—lm' y=

characterize the emittance of grayv bodies.

i

The factor £ is introcduced into the formulaé Whiéh
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The share of radiation taken over a comparatively broad
interval of the spectrum is calculated by the formula

FmZi—Z(x)

Jy(xrdx | (1.25)
- =Z{x)— .
where iy(ndx ' is the tabular function. (1.26)
‘ |
With narrow intervals, considerable errors are possible /9

because of the absence of tables of the function Z = Z(x) with

a small step. Therefore, with a narrow spectrum interval, the
share of radiation of the IBB can be estimated in the followlng
manner.,

If the function of the spectral radiation density rblﬁyis
known, the energy luminosity-RAl oﬂ]the interval AA will be

1R41=1= r(ryd:. 1 ‘ (1.27)

Ay

Since it is assumed that the interval AA
is extremely small, the function r(i),within its limits for the
practical caliculations, can be considered constant and equal to
the value rax (Xgyv) on the wavelength of fthe middle of the interval.
Then, from (1.27), we have

= Py ,
Ry f.s,_(av)A)- |

Substituting the value rpy (Agy) from (1.24) in the formula which
is obtained, we find

R.\:% yr P'm?_l_!' YAk

On the other hand, on the basis of (1.21), energy 1um14osity\
R = 0T". We designate the relation of RAA to R fy=

R



Substituting the values R and Rp) here and considering (1.23),
we find the expressiocn '

fﬁ=0.232y;\av7“§).10~3, | ‘ (1.28)

which permits determining the share of radiation of the AChT taken
over an extremely narrow spectrum interval.

For the characteristic of the radiation properties of one
or another non-black body, the concept of emittance € is used:

S R e (Ty= &7
=(T)=" Rypp(™ or =(7) r1pE* T) F (1.29)
Hence, it follows:
e(N)=a(7) or =(T)=a(\T). (1.30)

The emlttance of all real bodles is always less than 1. If
the emittance does not remain constant with a change in wave-
length, such bodies possess selective radiation. The degree of
selectlivity 1ls determined by how much the spectral distribution
of the radiation differs from the spectrum of the IBB at the -
same temperature.

Using the formulas presented in Table 1.1 and 1.2 and, con-
sidering the emitters, which follow Lambert's law, we can deter-
mine the nature of the distribution of the energy luminous
intensity in space and the integral values of the radiation
fluxes.

Several characterlistics of the radiation of sources of
simple form are presented in Table 1.3.

An emitter typical for the electro-optical equipment of
space vehicles is the earth with its surrounding. atmosphere. In
general, its radiation consists of two components: intrinsic
temperature radiation of the underlying surface of the earth and
the layer of the atmosphere, and also the radiation of heavenly

~.
!
na

|



Table 1.3

F Type of emitter

Radiant intensity

Shape of radia-
tion indicatrix

Radiation flux

| .
|
| I,=Ipcosa b = nly
i“ Disc / —-.-BA aT4e A oT4eD? ' caTam D2
L 0= x4 ==
i
|
¥
’i bal X ,d-"“'-,\
. I = Iy ==const ,,’ \\.
| Soh \ \ @ = 4nly
P oapnere ly=B n2 - gal"4D)2 \\ ’l N D = ertD2e T4
| . la 4 4 L PPt
i 1 Iy
i
|
i ! ’
[
T s T =
A |
: 1,=-§-(l+cos a) & = 2nf,
' Hemisphere 1
a1 eal4D? b = — enD2aT4
! fo=258 =T 2
w
I3
|
D
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Cylinder x eaT4HD —
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bodies (sun, moon, stars) which is reflected from the earth's
surface layers and the atmosphere.

LS

The intrinsic radiaticn of the earth's surface layers and \
the layer of the atmosphere depends .on.the temperature and nature
of the earth's surface, the composition of the atmosphere and the
distribution of the absorbing substances 1in 1t, the presernce and

nature of cloudiness, etc.

Besides this, the reflected radiation

depends on what source irradiates the earth's cover. The

type of function of spectral density of the energy brightness of
the side of the earth illuminated by the sun during observation
from outer space 1s shown in Fig. 1.2. From the graph it can be

L0
last
@55

g4k
M:

5 J/‘.‘\,lf'\. -r‘.,,,l..,—.m'.‘;‘i
|8 2 4 6 8 w012 % mhmxm)

Fig. 1.2. Functions of
the spectral density of
energic lumlnance of the
gide of the earth illumi-
nated by the suns

Note. The dashed lines
show the functions of the
spectral density of ener-
gy brightness of an 1IBB
at temperatures T = 300
and T = 200 X.

seen that in the windows of transpar-
ency of the atmosphere, the energy

.brightness corresponds to the radiation

of an IBB at the temperature of the
stratosphere. 1In the spectral band

A £ 3 u, the reflected solar radiation
is predominant.

The intrinsic radiaticn of the
earth's surface 1is determined by its
temperature and the nature of the
underlying surfaces. The temperature
of the surface depends on the nature
of the earth's cover. In the transi-
tion from one cover fto another,
temperature drops arise (Table 1.4)

The effect of the nature of the
surface on the characterisgtics of
radiation is considered by the black-
ness coefficient (Table 1.5).

In the calculations, the earth's /1
surface covers can be considered as
diffuse (equally bright) emitters.

(e}

s l
Jerrs

Key: 1. IBB; 2. um
TABLE 1.4
. Field- Plowland- Land- City-
rNature of transition forest grass water field
Temperature drop, K Up to 5.3 Up to 5.0 3-4 1.5-1.0




TABLE 1.5

tpe of surtace | sota|§SnS |Gneen WAEST | snow | sand | clay
needles
Coefficient 0.95| 0.97 0.97| 0.96 0.92 |0.89 | 0.85

In the spectral bands of intense absorption, the radiation of
the earth's surface is absorbed without emerging beyond the limits

of the earth's atmosphere.

Energy 1s radiated into outer space

which is emitted by the absorbing molecules of the atmosphere.
The larger the abzorptance, the higher the layers of the atmos-

phere radiate into outer space.
radiation i1s presented in Fig.

\

5 ok
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Fig. 1.3. Spectral composition
of the earth's radiation into
outer space.

Note. The dash lines show the
functions of the spectral den-
sity of energy brightness of an
288

IBB at temperatures of T =

and T = 218 K.

Key: 1. mW/(ecm2.u); 2. IBB
with T = 288 K; 3. Radiation of

the earth and the atmosphere;
4, IBB - with T = 218 K; 5.

micrometers (um).

The spectral composltion of such
1.3.

Since temperature is reduced
with an increase 1in altitude
(up to altitudes of 75-80 km),
less 1s radilated into outer
space than is shown in Fig.
1.3. A noticeable reduction
ie cobserved in the absorption
bands of carbon dioxide and
water and ozone vapors. Silnce
the water vapors are concen-
trated in the surface layer
(see Chapter 2) and have a
comparatively high temperature,
they have a lesser effect on
outgoling radiation than
carbon dloxide and ozone.
Radiation in the abscrption
bands depends on the tempera-
ture of the radiative layers
as well as on the change in
the distribution of radizfing
molecules, especially COp
and 03.

The reflected component
depends on the nature of the
underlying surface as well as
on the position of the ir-
radiating source. The
reflectances (albedo) of the
majority of earth surfaces in
the infrared region are



comparatively low., The ground covered with grass reflects ap-
proximately 15% of the incident radiation and only in the band of
0.7-1 ymis the albedo of the grass cover higher ‘than 70-80%.

On the average, for the earth's hemisphere the albedo varies from
0.36 to 0.39 in the visible region of the spectrum and comprises
approximately 0.3 in the infrared band of the spectrum. If we
consider the total radiation, then on wavelengths A < 3=-4 um, a
large part of the radiation of the earth's surface 15 caused by

a diffusely radiated radiation flux from the sun. On wavelengths
A > 4 ym; the scattered radiation. of the sun becomes negligibly
small 1n comparison with the intrinsic radilation of the atmosphere.

With cloudiness, radiation beyond the limits of the atmos- /14
phere goes not from the earth's surface but from the upper
boundary of the clouds which radiate as an ideal black body with
the temperature of the clouds. This radiation is selectively
attenuated by the molecules of the upper layers of the atmosphere.

In addition to energy characteristics, illumination character-
istics are often employed: luminous flux, luminous intensity,
illumination, etc. Their connection with the énergy character-
l1stics is established by the formula

FeK... ()0, (1.31)

where L o
. jeevea
M= -
iég,dl ) (1.32)

is the efficlency of the eye or the coefficient of the utilizs-
tion of the radliation flux of a given source by the eye;

(1.33)

F K Q)
V)=—"_
( ) Kinax (1) ;

is the function of the relative spectral sensitivity of the eye
which 1s known in literature under the name of the function of
reiative luminous efficlency of the eye;

;K,m(k)= ’; —683 1m/W.

N3Py

(1.34)

10



and by the formula

E°P = En683 (1.35)

(E 1s expressed in W/mz).

1.2, Radiation of Heavenly Bodies

The sources of radiation on the celestial sphere are the sun,
moon, planets, and stars,

The maghltude of the radlation fluxes of the planets and the
moon depends. primarily on the absolute temperature of the upper
layers of the atmosphere of the planet or its surface. Along with
this, they also depend on the nature of the planet's atmosphere.
Data on scome characteristics of planets connected with their
infrared radiation are tabulated in Table 1.6.

TABLE 1.6
Earth Venus Moon Mars
O o Lo
n h who| g i)
&5 O 4 U L +
g v.g | e S
SIRS |8 | 8818050 n
il 78]
Characteristics SR8 S e lES | ES 5
TG 1= G = gl = + L
BV T 3 Lo | Swe | An I —~
S | o = oo | A — = o
0. o 0 2 — — o ¥
0, 4 Q.6 | H ol 23]
5o Do =)
]
oos || P
Temperature, K. 290 i?% 430 223 400 120 Izw| -9}
Wavelength of maximum w (s 7 usit 7.5 94 10 14
radlation lmax’ pm : : it
Energy brightness .0,013/| | 0,004} 0,005 !Oﬁu 0.0004| | 0,011 lmou-Pﬁml
W/{em2.57) _ E E )
Portion of radiation 1nf ;41| | 0,47 }Ojé'.OAQ 082 0.00]] o6yl [0.22}
the spectrum band AXx AR S R I e IE S
from 1.8 to 18 um ) ‘ , j
N A - . : - | |
Portion of radiation inl g6 [lous || o2i|! 0,46 ]| 054 0,09 || 036 | 0.41
the spectrum band AA _ |
from 7.5 to 18 um .
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From the table, it can be seen that the temperature of the
radiating surfaces lies within the limits of from 120 to 430 X,
as a result of which the main share of the radiation flux emanates
in the infrared region of the spectrum on wavelengths of more
than 5 um. Therefore, with the use of the indicated planets as /15 -
emitters, receivers should be used in electro-optical equipment
which possess sensitivity in the band of the spectrum from 5 u
and up to 15-20 um, and soméftimes up to 40 um.

The infrared radiation of the planets is the sum of two
components: intrinsic radiation and diffusely reflected solar
radiaticn. The temperature and, consequently, the thermal
radiation of the planets which have a comparably dense atmosphere,
such as Venus, earth, and Mars are comparatively constant identi-
cal over the entire surface of the planet. Characteristic of
planets and satellites which have a very rarefied atmosphere or
do not have 1t at all (for example, the moon) are considerable
periodic temperature drops, which causes similar drops in
radiation fluxes.

The amount of reflected solar radiation varles significantly
over the surface of the planet depending on fthe time. It depends
on the position of the terminator and the reflectance (albedo)
of the section of the planet. The albedo depends on the character
and altfitude of cloudiness. The spectral composition of reflected
radiation is characterized by a color temperature of T = 6000 K
(color temperature of the sun). The main portion (95%) of the
reflected solar radiation is taken over a band of wavelengths
shorter than 2 um.

In the solution of many practical problems connected < /16
with orientation and navigation, stars can be used as astronomic
reference peints.

In selecting a star as an astronomic reference point, it is
necessary to consider its position on the celestlal sphere and
apparent peint brilliance.

By the apparent point brilliance of a star (heavenly body)
we mean the illuminatlon-engineering value which characterizes the
illumination which a given heavenly body creates at the boundary
of the earth's atmosphere on a small area perpendicular to the
direction of propagatlon of the rays.

The overall number of stars which comprilse our galactic
system is approximately 100 blllion. However, there are com-
paratively few stars which possess a sufficiently large visible
point brilliance.

12



The apparent point brilliance of heavenly bodles 1s evalua-
ted in stellar magnitudes.

The stellar magnitude m which determines the measure of
apparent point brilliance of a heavenly body 1s connected with
illumination E, created by the heavenly body, by the relation

m=—251gE+c, | (1.36)

where ¢ is a constant value equal to that stellar magnitude Mg at
which the heavenly body creates an illuminance. of 1l 1x on a
small arez.

An i1lluminance: of. -1 1X at-the-boundary of the.earth's atmos-
phere can be created by a heavenly body whose apparent point

brilliance is characterized by the stellar magnitude m, = -13.89
and, on the earth's surface, by a heavenly body having a stellar
magnitude of mp = -14,2, Consequently, in working with formula

(1.36), it 1s necessary to take the value of constant ¢ in
accordance with the conditions under consideration.

We rewrite expression (1.36) in the form

o m—z¢ I
_— :IO’E
2.5 ®

and solving it for E, we obtaln a relationship which enables us
to calculate the luminosity from the celestlal bodles from their
stellar magnitude

or, with consideration of the values of ccefficient ¢, we obtain

13.804+m

CE=107 25 (1.37)
1 G _ i4:2+m
| Ee=10" %5, (1.38)

where Eg and E; are the illuminances. in spaee and on the earth
respectively.
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We establish the relation between the illuminations created /1T
by heavenly bodies with an apparent poilnt brilliance of different
stellar magnitude. If the apparent polint brilliance of two
heavenly bodies is evaluated by stellar magnitudes my and mp and
the illuminance which they. create. is Ej and Ep, respectively,
then on the basis of (1.36), we write

my=—251gF, ~c;
My= —251g F, <.

Subtracting one expression from the other, we will have

My — ma -7 - £
________12.5’" =IgE, —1gE; or lg—‘,_;i=0-4(me—m1)-f

Hence, after involution we obtain

E1 _atm-m)  ox, - EL_0i5100m-m) (1.39)

. Ea Eq

Expression (1.39) shows that with a difference in apparent
point brilliance of heavenly bodies by one stellar magnitude the
illuminations which they create differ 2.512 times. In this,
the greater the stellar magnltude of the heavenly body, the less
the illumination whieh 1t creates.

We note that prior to the introduction of the principle of
the division of stars by magnitude of apparent point brilliance
on the basis of equation (1.36), only six groups were distinguished.
Stars with the greatest point brilliance pertained to stars of the
first magnitude and the weakest but still visible to the eye
on a clear moonless night -- to the sixth. After the introduction
of the classification, it turned out that there are stars whose
apparent point brilliance exceeds the apparent point brilliance
of stars of the first magnitude. Therefore, so as not to
disturb the classification which had been developed, the scale
of stellar magnitudes was extended both to stars weaker than
the sixth magnitude and visible only in a telescope and to heavenly
bodies having a larger apparent polnt brilliance than stars of
the first magnitude. In thls case, the counting is conducted
in the direction of negatlive values. For example, the apparent
point brilliance of the star Sirius is evaluated by the stellar
magﬁitude (-1".43); of Venus with the greatest point brilliance
(-4".4); of the moon at half-moon (-12M.6); and the sun (-26M.7).
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Recently, photoelectric photometers have found application
and new requirements have arisen for a photometric system in
which stellar magnitudes are expressed. .Used as the basis in
contemporary electrophotometry is the photometric system intro-
duced by Johnson and Morgan and designated by the letters UBV,
where U is the ultraviolet rays, B is the dark blue rays, and
V is the visual rays. In this system, the stellar magnitudes
are measured on wavelengths close to 0.35 pm 0.435 um,-and 0.555 um
(Fig. 1.4) with two color indices: U-V and B-V. Taken as zero
of the system are several stars of the A0 class, close to the
sun, and having color indices equal to zero. The visual stellar /18
magnitudes which are determined in this system differ somewhat
in their values from regular visual stellar magnitudes. This can
be seen 1in the example of the brightest stars presented in Table
2 of the Appendix. With the introduction of the new system, the
possibility appeared to employ photoelectric photometers which
possess high precision in measurement (errors on the order of
+0M 01) and cbjectivity of the results obtained.

"
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.S a . .~ fi] - / N T !
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Fig. 1.4. TFor the determination of luminosity and
apparent point brllliance of stars:
1. Eye; 2. Normal photoplate; 3. photo-
visual plate.

Key: 1. Relative units

Of the tremendous number of stars presently known, only
4850 are visible to the naked eye. Their number includes all
stars with m < 6. The number of stars on the celestlal sphere
increases with an inerease 1n apparent stellar magnitude (Table 7).

The stars are scattered irregularly on the celestial sphere.
For convenience in orientation, they are arbitrarily distributed
into groups called constellations. Altogether, 88 constellations
are presently counted which embrace the entire celestial sphere /19
without overlappings and omissions. Individual stars which are T
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part of the constellations are designated by Greek letters with
the indication of the name of the constellation to which they
pertain. The designation of the stars in alphabetic order (a, B,
Y, 8,...), as a rule, corresponds to the decrease in their
apparent point brilliance.

TABLE 1.7
m ¥ .
Nvis Nphotogr_ m NVlS Nphotogr
10 13 - 8.0 49000 23000
2,0 40 - 9.0 125000 62000
3.0 100 - 10.0 |- 3s0000 | 270000
4.0 500 400 11.0 900000 410000
5.0 1600 | 1200 12,0 2300000 | 1100000
1T 6.0 4800 |- - 2900 13.0 5700000 | 2700000
1; 7.0 15000 |- 8300 | 14.0 14000000 | 6300000

# Beginning with m = 6, the number of stars
determined by the photovisual method is
presented.

The majority of the bright stars, in particular all stars of
magnitudes 1 and 2, also have thelr own names besides the letter
designation (for example, oCrion-Betelgeuse, alira-Vega, aVirgo-
Spica, and so on).

Star charts, atlases, and catalogs can be used to obtain
information on the relative disposition of the stars on the
celestial sphere and thelr basic characteristics.

_ Besides division into groups according to apparent point
brilliance, all stars are subdivided according to spectral coms-
position in accordance with their intrinslc temperature. In
gecordance with this eriterion, the stars pertain to different
spectral classes designated in order of temperature decrease by
the letters 0, B, A, F, G, K, M. R, N, and S. Each class en-
compasses stars with a specific spectral composition which is
characterized by a color temperature of one magnitude or another
(Table 1.8).
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TABLE 1.8

0 B|AFGK]Mﬁ

35000—23000 25000-—]5000l 11000 7500 6000 3000 '3500—2000}
I

In order to characterize more precisely the spectral composi-
tion of radiation, 1n each class the stars are divided into ten
groups from 0 to 9 and have a double designation, for example,
00, B2, A0, AT, GO, F8, and so on. From such designation, one
can determined rather precisely the temperature of the radiative
surface of & star, and, conseguently, characterize the dilstribu-
tlon of radiation flux according to the spectrum. Knowing the
temperature of the radiative surface and the apparent point
brilliance (stellar magnitude) from known relations, we can
determine the energy lrradlance.created-by a heavenly body
from the formula

1375—m |

I Kmax (l)'f[lO" 683,2_1()} L (1.40)

where n is the efficiency of the eye.

Sometimes, to determine the color temperature of a heavenly
body use is made of the formula

7200

9-64+C ! l (1.41)

where. ¢ 1s the index of the color of the star which is the
difference in the photographic and visual stellar magnitudes

L €= Phot Mvis

The distribution of stars by different spectral classes 1is
presented in Table 1.9.

17
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TABLE 1.9

Spectrum of - B
stars B0—B5 B&—A3lA3—F2

FS—GO" 05—K2} K5—M8 fRemain—

Number of — — A
star in per# 2 29 l 9.0 l 2 I 33 6 1 f
cent : :

The characteristics of some of the brighter heavenly bodies
are presented in the Appendix in Table L.

Of the stars, the closest to the earth is the sun, the
average distance to which equals 149,000,000 km. It is a dense
nucleus surrounded by an incandescent gaseocus shell., The tempera-
ture of the upper layers of the sun eguals approximately 6000 K.
The diameter of the sun is 109 times greater than the diameter of
the earth and 1s 1,391,000 km. The energy irradiance of the sun equals
6.2-103 W/cem2. Beyond the limits of the earth's atmosphere on
a small area perpendicular to the direction of propagation of
the radiation, the sun creates energy irradiance E = 1350 W/m2 or
0.135 W/em2. The latter characteristic is known by the name of
solar constant. The gverall value cof the radiation flux emitted
by the sun is 3.8:102° W, Beyond the limits of the earth's
atmosphere, the illumiantion which it creates is ~135,000 1x,
and on the earth's surface in the middle latitudes ~100,000 1x.
The integral radiation of the sun is extremely constant; however,
the intenslity of the ultraviolet radiation fluctuates.

In calculations of the characteristics of equipment which
operates on solar radiation, the sun as an emitter can be taken as
an IBB whose function of spectral density of radiation flux is .
determined with a temperature of T ~ 6000 XK. The spectral
distributlon of the sun's radiation is presented in Fig. 1.5.

1.3. Radiation of Auroras /21

Auroras arise under the action of powerful corpuscular
radistion of the sun at altitudes up to 700-1000 km above the
earth's surface. They are observed most often in the polar regions
but they sometimes occur in the middle and equatorial latitudes.
The maximum number of the auroras observable during a year occurs
in the zone of the earth's magnetic pole. The zone of auroras,
in which they arise and are observed during darkness almost
daily, is af a distance from the world pole of approximately
23.1.74°107° rad (23°). To the south of this zone, the average
annual number of auroras 1s reduced and their intensity weakens.

Tramslator?s Note: The typesetter has obviously made an error s8ince the
enérgy 1uminosity2(aHepRBTMqECHaH CBETHMUCTL) 1s given the symbol "E"
and units of W/cm which could only be energy lrradlance

18 (sHepreTHyecHand OCBEWEHHOCTL),



Aurcras occur most often at altitudes of about 100 km, in which
regard the lower boundary of the altitudes depends on theilr
intensity (Table 1.10).

TABLE 1.10
Intensity of aurora Weak |-Average |[Strong gzﬁgng %izzn:igg
coloration of]
lower edge
Average altitude
in km 115 | 108 99 95 65-70

The upper edge of the auroras is less clearly expressed and
extends to different altitudes for various forms (Table 1.11).

TABLE 1.11
Form of aurora Rays Drapery Drapery-1like|Diffuse arcs
Altitude in km 250 176 174 143
Average vertical
extension in km 137 68 68 34

In proportion to the distance from the zone of the auroras
toward the southern latitudes, the altitudes of the rayed auroras
increases and may reach values of 1000-1100 km.

Bands of radliation of various gases have been discovered in
the auroras (oxygen, nitrogen, helium, hydrogen). The range
of change of the radiance of.the auroras-is rather . _
great and in the bands of 0.3914, 0.4278, 0.5577, 0.6300, 0.7200, 0.7900,
and 0.8680 um the radiance.changes within.dimits from - -
3.1077 to 1.1-10=% w/sr m2 [11]. However, according to data
[35], aurcras with high luminance are encountered much more
rarely than auroras of weak luminance.
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Fig. 1.6. Spectra of.

radlations of auroras

Key: 1. Auroraj; 2.
Sky 1n cloudy
weather; 3. um

The spectra of auroras are a /
series of lines in the visible regloen
of the spectrum and a small segment
of continuous spectrum in the band
from A = 0.65 umto A = 0,95 um with a
clearly separated line on a wave-
length of A = 0.92 um, the oo
radiance of which is (5-6)-10- 8 W/
/{sr+ecm2). In the longer-wave portion
of the spectrum, there is also a
number of radiation bands. However, in
this band of the spectrum,the radiation
of the auroras exceeds insignificantly
the radiation of the night sky (Fig.
1.6). The values of radiance -
of the basic bands of auroras in the
infrared region of the spectrum are
presented 1n Table 1.12.

Auroras are not distinguished
by time or spatlal stabllity. The
radiation of the night sky mentioned
earlier, as became clear in recent
years, ls caused to a conslderable
degree by the radlation of molecules
of the OH hydroxyl group. This
compound is constantly present in the
upper layers of the atmosphere and is
a source of extremely strong infrared
radiation of the sky [351].

~
Mo

The spectral distribution of the
radiation of the upper layers of the
atmosphere has the character of
bands (Fig. 1.7 a, b). The integral
radlance of-the upper
layers of the atmosphere caused by
the radiation of OH molecules is
estimated in the spectrum band
Ar=1,2~ 1 8 mas the value 3-10-2 W/
/{sr.cm?), and in the band AA = 3.8-4.4 um
-- as the value 7+10 -4 W/ {sr.cm2),

1.4. Characteristics of the Radiation of Lasers

In recent years, lasers have been receiving ever wider
application in space technology.

Three types of lasers exist: solid state, gas,:and

semiconductor.
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TABLE 1.12

Wavelength in ﬁ - 1.4 1,51 1.57 2.13 2.25 2.36
Radiance. ' 1.10-5 [ 3.10-5 | 1.10-5 | 1,5-10-5 1.10-5| 2.10-5
of bands _in
W/ (sr-cm2) ' ‘ |

], 3 1

Any type of laser hasg an’
active: materialy. cavity, source
of excitation, and power-supply

! . | |
1 e source- (Fig.. 1.8)+ - - . .
; §§i r\l\/ij\V Used as ‘the active.substances are:
I * ’ .
g § YT IR TERRET I LKty -- in -solid-state lasers:
; 2 a) N ruby crystals and other crystalline
| Br/utecnnere Br/mt.co-mim substances (plastics and glass with
| sap o s Pkt varlous admixtures,
: o o 0#0” 'f;n':?odw." - .
fJ*( o o s -~ in semiconductor lasers seml-/24
Ty R TN ia_7ﬁ¥ conductor materlals (gallium ar-
' ’ ' ﬂ" . senid, arsenic-gallium phosphide,
gallium phosphide and indium
Fig. 1.7. Spectral distri- arsenide).
bution of radiation of the
upper layers of the atmos- Data on the materials used in
phere: a - in spectrum iasers are presented in work-[ 20 J.
band A = 0.8-1.1 y; b = in :
spectrum band from A = 1 um- The properties of lasers as
and higher. emitters are evaluated with the use

of thelr basilic characteristics:
Key: 1. Relative units;

2, W/m2.sr- uw 3. Thermal -- Radiation flux {(eguivalent
radiation of the tropos- mechanical power) or radiation
phere; 4. um energy;

-- Direction of radiation, or
width of beam;

-~ Wavelength A and band width AX of radiation;

-- Radiation coherence

The radiation power 1s characterized bg the value of the radi-
ation flux emitted by the laser. Lasers which operate

in the pulsed mode are characterized most often by the radiation
energy which is calculated as the product of the mean value of
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the radiation flux in the pulse for the duration of the pulse
and is measured in J.

W= o:t, J.

The power of a 'continusous-duty laser {gas.and semi-
conductor) lies within limits from a few MW to_ a few W, and
the power of a solid state laser may_reach;-lo6-—10a W. Data
on the materials and basic characteristics of speciflc models of
lasers of various. types are presented in tables (see Appendix).

a )' 4 & Savay

Fig. 1.8. Schematic diagram of lasers: a - Typilcal
schematic diagram of laser: 1 - Actilve
material; 2 - Cawity {mirror); 3 -
excitation source (Flash lamp); U4 - power
supply source; b - Diagram of ruby- )
laser; 1 - Ruby rod; 2 - Cavity {mirror);
¥ -~ Excitation source (flash lamp)}; 4 -
power supply source; 5 - Reflector; ¢ -
Diagram of the construction of a gas laser:
1 - Tube with helium-neon mixture; 2 -
cavity (reflecting mirror);:3 = entry
windows; 4 - Mechanism for the adjustment
of the parallelism of the mirrors; 5 - high-
fPEguency osclllator; 6 - -electrodes;
7~ IEmergent beam; d - Diagram of
semiconductor laser: A and B - Faces -
with mirror coating (cavity); p-region =
Active material.
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Direction of radiation is characterized by the value of the
angle of divergence of the beam. The least value of this beam,
which is limited only by the phenomenon of diffraction, can be
the value

o . %-0_6t ‘
6 = 2arcsin " .

| (1.b42)
where d 1s the diameter of the radiation spot.
Since the angle of divergence are small, we can write
1.22 :
B=—""0 (1.43)

from which it follows tﬂat very small divergences can be attained.
If A = 0,63 u (0.63-10"% cm) and d = 2 mm, then 8 = 3.8-10-% rad,
which comprises an angle not exceeding 115",

The divergence of a beam of a gas laser lies withiln thre 1limits
of units of minutes, and of semiconductor and solid lasers,
units of degrees.

The width of the line of radiation, measured in t&/c, depends
on the radiation flux and the @ of the cavity.and can be . -
calculated from the formula

T

Avg=— o (1.44)

2nd |
where T -- Radiation losses with one-time passage in the
active material and reflectlon from the glass of
the cavity;
¢ -~ The speed of 1ight in the active material;
4 -— The dlstance between the mirrors.

The minimum width of line caused by spontaneous radiation is
determined by the expression [16]

;A Brhv (av,)? o
=y (1.45)

where h = 6.625:10-3% w.s2 15 Planck's constant.
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Thus, if ¢ = 1 mW, & = 100 em, T = 0.02, then with A = 1,15 um,
Avp = 1 MHz and Avg = 10-3 Hz.

Coherence 1s the basic property of quantum radiation sources,
It is made up of spatial and time components. Time coherence
signifies that the maxima .~ of radiation in a wave follow one
after the other with periocd t. With a change in the radiation
wavelength (frequency) the intervals between the maxima become
irregular and coherence is reduced. With spatial coherence, the
waves emitted by the laser form a flat.front perpendicular to the
axis of the Zgser:. .. More detailed information on the physical
processes whilch take place in the "laser, their construction, and
characteristics can be found by the reader in works [6, 10]. The
basic characteristics of some models of solid lasers and..gas lasers
are presented in Tables 3, 4, and 5 of the Appendix.
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CHAPTER 2. THE PROPAGATION OF RADIATION IN THE ATMOSPHERE AND SPACE

2.1." Radiation Attenuation in a Uniform Medium

The amount of radiation flux from an object which falls on a
radiation receiver depends not only on the power of the emitter
but also on the properties of the medium in which this flux
is propagated. For approximate calculations, we will consider
the optical media .in-which. radiation flux 1is propagated - — -
to be homogeneous. The attenuation of radiation in a me-
dium may be selective as well as non-selective. We will establish
the regular laws of attenuation as applicable to a monochromatic
radiation flux.

Suppose that a beam of parallel rays of a monochromatic radia-
tlon flux ¢;(0) enters a homogeneous medium with.thicknesses L
(Fig. 2.1). Assuming that the particles of the medium- atten-. /26
uate the radiation flux independently, we can present the change
in its value with passage through a layer of the medium with
thickness dl by the relationship

Jd@ﬂﬂ=“‘m@ﬂiﬂﬁf (2.1)

where ay 1s the attenuation coefficient of & monochromatic radiation
flux. Separating the- variables ih (2.1), we have.

d@h(n — —n[dt, /

o, ()

whence, after integration, we obtain

1L ! .
In @, (1) |=“—mﬂi 0, () =0r(0)¢ * -

or
I=0

(2.2)

. [
|
o0 | |efneae

| In this expression, the coef-
- ‘ filecient o) characterizes the total

T

- attenuation of the radiatlion flux
by particles of the medium
both through scattering as well
as through absorption and, there-
L i fore, 1s the sum of the correspond-
) ing coefficients

at i

Fig. 2.1.Derivation of equa-
tion for radiation attenua-
tion propagating in a uniform
medium.

- QAscat * ®rab (2.3)
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Wwhere ajgeat 8nd ayap are the coefficients of attenuation of radia-
tion flux in the medium. due ‘to scétteringrand‘absorption.

If a complex radiation flux ®g enters a.medium whose .
spectral distribution is characterized by the function ¢g(A), then
on the basis of (2.2) with consideration of (1.1) we can write

gL dh=goN)e dh. (2.4)

Integrating this equality for A in the entire band of the spectrum,
we find the value of a complex radlation flux at the exit from the
medium,

| q::ﬂ{ gSL(?.)dl‘:a‘. B, (e an (2.5)

i

For some narrow intervals of the spectrum, for example for /27
the visible band, the value oy can be taken as independent of
the wavelength, and then from (2.5) we obtain

f @'ﬁe—uﬂ}' Fo (N dh="D gL (2.6)
e

where ¢) and ¢' are the radiation fluxes at the entry and exit
from the medium, respectively.

If we designate e~9)\ = 1{(A); e~® = 1, then expressilons (2.2)
and (2.6) will take the form

D, (L)=; (0)v4 (s (2.7)
®—D;xi. (2.8)

v

Coefficients Tg(A) and 1g are called the coefficients of
transmission of radiation flux by a layer of the medium of
unit thickness.

In this case, the transparency of the mrdium-is-charac-
terized by the function of spectral transmisslon tT(X) for a mono-
chromatic radiation flux and the transmission coefficient t for
a complete flux,

The expressions for the determination of t(A) and T can be
obtained from formulas (2.7) and (2.8)

) % (V) O

M 0F =2 (2.9)
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) o E
B =r=" (2.10)

Since the coefficients dh and o and T(A) and t which cor-

respond to them account. for attenuation of radiation flux as .
a consequence of scatter and absorption, the overall transmission
of the medium .can be presented.by the products

T(A) = rscat(A)Tab(h) (2.11)
LI
T ToeatTab (2.12)
where Ty (T) and T,,.; are the spectral and integral transmission

Of the medlum with consideratich .of losses to scatterlng
(A) and T ap are the spectral and Integral transmission but w1th

consideratlon of losses only by absorption.

Each of the coeffieclents 1n formulas (2.11) and (2.12), in
turn, can characterize the transparency of the medium-with
consideration of losses for scatfering or absorption by various
components, i.e., each of these components is a product of the /28
type

&
L O A X IS | RAU)
j=1

Tl W) =T (W T (#)y - T =]] (s

j=1
%=%ﬁy..n="1ﬁ;, i
j=1 |
n
Ta=TyTe - . . =[] T
~ =1

With consideration of the latter relations, Egs. (2.1) and
(2 2) willl take the form

:ﬁtp(t n't(”h ?! (2.13)
i1 ’

|

|

4

=[1 - pl'n Tof

j1 i=1

(2.14)
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The formulas presented can be employed for calculating the
transmission coefficients of various optical media-ineluding :
the atmosphere and optical materials of parts of eléctro-optical
instruments.

2.2. Brief Information About the Atmosphere

The earth's atmosphere 1s a medium.consisting of a . .
mixture of gases and water vapor with foreilgn particles suspended
in 1t -- aerosols (droplets of water which appear with the conden-
sation of water vapor, dust partlcles, smoke particles) whose size
fluctuates from 5-10'6 to 5.10-3 cm.

Nitrogen (78%) and oxygen (21%) are the basic permanent com-
ponents of the ground layer of alr. The fraction of the other
gases (argon, xenon, hydrogen, carbon dioxide, ozone, and others)
is less than one percent of the volume. Of these latter, carbon
dioxide and ozone have an influence on the transparency of the
atmosphere. The content of carbon diocxide in the ground layer
of the atmosphere is irregular and sometimes reaches 0.05%; how-
ever, for evaluating transparency, we will consider that carbon /29
dioxlde is distributed in the atmosphere approximately uniformly
and its concentration by volume is 0.03% at all altitudes. Cor-
responding to such a concentration 1s a thickness of CO» layer
equal to 2.4 meters reduced to normal pressure and temperature.
The concentration of ozone 03 at an altitude of 20-25 km comprises
about 10-5 - 10-6 percent, which corresponds to a reduced thick-
ness of several millimeters. The maximum concentration of ozone
is found at an altitude of from 20 to 30 km. In the altitude
interval of from 40 to 70 km, ozone is in photochemical equilibrium,
At an altitude of 40 km, 1 cm3 contains 4.6.1011 molecules of ozone,
which corresponds to a concenfration of 5-10‘6, and at an altitude
of 70 km, 1 em3 contains 6-10% molecules (concentration 3.3-10-7),
i.e., the concentration of ozone decreases with altitude more
rapldly than the overall concentration of air. The content of
various components 1n the atmosphere, expressed in atm-cm, is
provided in Table 2.1 [8].

TABLE 2.1.

1 CompoT o Lo, | Ar | €O, | Ne [CH.| Ki NoO! HolHe| O, | Xe | CO ]H_@‘
-nent .

| plgnes. Jrsemoherssolz40 240:14.6! 12008 0.40,44,2'0.%-0,05 0.6 103

| tent 320 , ' T 0.3 15 104

| atm-cin

28



Thé content of water vapor- in the atmosphere depends on a
number of factors, in particular, on air temperature and pressure

and the presence of bodies of water on -the glven terrain.. In this
connection, the water wvapor content in the atmosphere: increases wit
an increase in temperature. ..Fluctuations 1in the mean tension of

water vapor in the ground layer of the atmosphere for the middle
latitudes occur within limits of from 2:105 Pa (2 mm Hg) in Janu-~
ary to 10.105 Pa (10 mm Eg) in July, whilch corresponds to an
absolute air humidity of'2.3.g/m3 and 9.9 g/m3. The basic quantity
of water vapor 1s concentrated in the lower 5-kilometer layer of

the atmosphere and drops sharply with a further increase in altitude.

As shown by data obtained during experimental investigations
with the use of AE3 [artificial earth satellites], meteorological
rockets, and other means, up to altitudes on the order of 100 km,
the earth's atmosphere remains basically nitrogen-oxygen in 1ts
composition. With an increase in altitude, the pressure and
density of atmospheric alr decrease in accordance with the exponen-
tial law. Table 2.2 [3] presents data on a model of the atmosphere
which can be used in calculations of attenuation. The table was
obtained by the concentration method.

TABLE 2.2, CHANGE IN CHARACTERISTICS QF THE ATMCOSPHERE WITH ALTITUDE.

Altitude|Densit Pressure'Pzg;izies 4 Temper~| Reduced
H (km) |p g-cm® |p, Pa . . ‘ature, | layer
in unit of
volume, n T, K atmcm
cm
0 1,29-10—! | 133.760-105|  2,6-1019 273 9.1.10°
60 3.5-1077 | 2.4.10+1 7.3.1015 235 2.63.10%
70 §.1-107% | 4,3.10° 1,7.10% 185 4.6-10!
80 1,210 | 6.0.1071 2.5-101 175 6.6.10¢
90 1,7.100° { 9,2.107% | 3.5.10" 195 10,3107}
100 2,7-.107%% 1 ,6.3077 5.5- 101 215 2.08-10~1
110 5.3.1001% 4.0.1073 1.2.1012 235 5.4-107%
120 1,3-1071 12,1070 3.1-101 280 1.75-102
130 3.9-10717¢ 4.7.107* 9.2-10' 355 7,10-1073
140 1.4-107127 2,310~ 3.4-101 485 . 3.7-1073
150 6.5-10711 1.3.10~* 1,6-101° 605 1.20-10—3
160 3,5.10-%%} §.3.10°F 8,4.10° 715 7.8-104
170 21301 5.6.107F 5.1-10° goo | 5.310~*
180 1.4-10—1% 4.0.1075 3.5-10° 80 | 3.8.107
2 200 6.9.10"%| 2.0.10—3 1,7-10° 830 1.9.10—4
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Besides gases and water vapor, the lower layers of the
atmosphere constantly have admixtures -- aerosols in the form
of dust, smoke, various particles, and droplets of water which
make the atmosphere turbid and worsen conditions for the propaga-
tion of radiation flux,

2.3. Characteristics of Quter Space /30

With an increase 1n altfftude above the earth's surface, in
i%s parameters the atmosphere gradually approaches the parameters
of an interplanetary gas.l Therefore, in the solution of various
problems, the influence of the atmosphere is disregarded beginning
wlth the altitude determined for a given case.

As investigations show [26, 27], the parameters of the atmos-
phere, including 1ts upper layers, belng practically circumter-
restrlal outer space, are unstable. They change with the latitude
of the locality, time of year, during a day, and also with a change
in solar activity.

At altitudes of more than 100 km, the ratio between
nitrogen and oxygen changes. The dissociation of molecules of
gases and water vapor occurs, and lons of molecular 0Op and atomic
oxygen 0, molecular Np and atomic nitrogen N, nitric oxide NO, and
water HoO are created.

A notion of the nature of change in the parameters of the /31
upper atmosphere with altitude is given by Table 2.3 complled on
the basls of the processing of experimental data [27].

At the present time, it has been established with sufficient
preclsion [26] that at altitudes of 90-100 km even those small
vertical movements of alr which c¢ould intermix and equalize the
gas composition of the atmosphere stop.

However, at altitudes of more than 80-90 km, there are solid
particles of cosmic origin (micrometeorites). It 1s assumed that
[28] the drop in the concentration of micrometeorites with altitude
conforms to the law H-1.4,

In works [27] it 1s presumed that the upper atmosphere is
divided for density of meteoric matter into three zones, for which
the distribution of meteoric particles is characterized by the
data in Table 2.4,

11t is assumed that the density c¢f an lonized interplanetary gas
expressed by the number of particles in a unit of volume is
approximately 103 particles in 1 cm3.
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TABLE 2.3. CHANGE IN PARAMETERS OF THE UPPER ATMOSPHERE
WITH ALTITUDE.

Altitude |No. of pari Density Temperaturé Pressure
H km ticles in | p gfemd |T K | p Pa
unit of '
volume, n
cmi—3

225 6-01-109 2,12.1071 936 8,3-10~%
230 5.31 1.79 938 7.4-107°
240 417 1.42 046 5.9.10°
250 3.3 T 1.0 938 - 1.7307F
260 2,64 8,66- 10— 971 3.85-1075
270 2.12 6.83 97 3.14-107%
280 1.72 - L1005 .| 2.607°
200 1.40 4.36 -1 | 2.16-307°
300 1.15 3.33 1048 1,83.107°
325 7,31-108 2.17 1110 1.24.107°
350 4,82 1.40 118 | 1.65-107°
375 331 | 9.41-107% 1276 4.90.10°
400 2.36 6.60 ° 1373 5.07.107°
. 425 1,73 - 479 1489 " 4.05.108
| 450 1,32 3.60 1614 | 3.38-10°
' 475 1.03 2.79 1781 2.92.10—°
| 500 8.24.107 2.21 193 | 2.60.10°%

-

TABLE 2.4.

3
Frequency [Mass of par~ No. of

Zone of impacts/ticles per | particles Density
Ny, M %.s gnit area in unit 10)%1 g+ cmd
in units of | volume, n
time, 10"13.cnm3
10-3 gocm""z.s
100< k< 400 0,1—1,00 | 0,1—1,0 | 4102-4.103 |4-102—4.108 r
00 h<IRy | 10—4—10-2 | 10—2-10-2 0.4—40 0.4—40
A>2R, 5.10—6—10~4 | 5.10—6—10—¢ | 0.2—0,4 | 0.02—0,4 \
7odiacal * 2.10—6— 10-5—10—3 0.01—1,0 0.03—3,0 ‘
 Cloud 12.10¢




Cosmic particles enter the earth's atmosphere with tremendous
velocities on the order of 11-70 km/s and reach altitudes of 160-
140 km experlencing almost no deceleration. . Next, they are sharply
decelerated and particles with radius r < 1 um lose their cosmic
speed 1in the altitude interval of 130-95 km. The overwhelming
majority of the particles which enter the atmosphere are of small
dimensions. Dust particles from 0.30 to 1 um comprise 99% of all /32
arrlving particles; among them 60% of the particles have a radius
r = 0.3 ym and only 1% have a radius of 1 um. Particles of rather
blg dimensions are also encountered. At the high altitudes there
are no particles with r < 0.25 um, gince they are driven out of
the solar system by light pressure. To estimate the density
number of particles at various altitudes, we can use the data of
B.A. Mirtov [26] presented in Table 2.5.

TABLE 2.5.
A.l};-t-i‘t*ﬂ'&”é“’é‘s} Density .p Ié‘{'eagg 111 ﬂ'gelomtgt v .
H km grom=¥ " | UDLL VQ_.,lof par -
. ’ cles v cm/8
80 2.5-1078 5.7-101 5.8-10 3.3.10'°
90 4.0.107° 8.6-10%3 3.84.107 3,3.10'
95 1.0-10~° - 2,7-10% 3,0.100 | .8.0.10" f
100 5.5-10—10 1.5-10% 3.0-10° 4.5.101%
110 1,2-10-1 3.3-10% 1.68-10° - 5.6-10"®
120 a.7-10~1 1.1.101 2.4p.10° |- 2.6.10%
130 1.4-1071 4.0.10" 2.70.10% 1.1-10'8
140 7.0-10712 2.0-10! 2.82-10° 5.6-10Y
150 4.0.1071 1.1-101 2,88-10° 3.2.10%7
260 6,1-10—12 1.7.10% 2.97.10° 5.,0.10' =
’ 25 3.5-10~8 1.0-10 2,98.10° 3,0.10% ,’
275 7.0-10~4 2.1.10° 3.0.10° 6.3.10% ;
300 3.4.17M 1,1.10° | 3,0.10° 3.3-108

Micrometeorites influence the operation of electro-optical | /33
equipment, attenuating the transient radiation and causing the
background component of scattered solar radiation. But because
of the comparatively low density, the attenuation of the radia-
tion by micrometeorites can be dlsregarded 1n practice.

In addition, the prolonged action of meteoric particles can
lead to the failure of the optical parts. The nature of the pro-
cesses whlch oceur on the impact of the mierometeorites with
various substances and the degree of change of the surface subjected

32



to bombardment are considered in work [15]. In it, 1t 1s shown
that the degree of dulling action which is possessed by the
meteoric particles on the optical surfaces of the instruments
beyond the atmosphere 1s not great. A perceptible efifect arlses
during a time on the order of 10 years. The effect is
considerably 8tronger for refractive surfaces than for mirrors.,

Data presented in work [15] indicate that the meteoric bom-
bardment of optical surfaces leads to an increase in the scatter-
ing component. Calculations which have been conducted show that
with an optical instrument which operates in the visible band of
the spectrum, the scattered component reaches 50% in 2 hours
after the start of bombardment.

For instruments which operate in the long-wave band of the
spectrum, the dulling effect is felt less.

Since the basic mass of the atmosphere (99.9%) is concen-
trated in the layer below 50 km and the concentration of meteoric
particles at great altltudes 1s relatively small, the attenuatlion
of radiation at altitudes of 50 km or higher can be disregarded.

2.4, The Propagation of Radiation in the Atmosphere and Space

During propagation in the atmosphere and space, radiation
flux is attenuated due to absorption and scattering by the mole-
cules of various gases, water wvapor, and also solld particles
and drops of water. The .dependence of attenuation due ‘
to scattering on the radlation wavelength has a smooth character
and the attenuation due to absocorption has a selective character.

The radiation flux 1s absorbed selectively primarily by
ozone, carbon dioxlde, and water vapor, in which regard the last
two are the basic absorbing compeonents (Fig. 2.2).

Ozone absorbs radiation comparatively intensively in zones
with centers on wavelengths A = 4.7 and 9.6 um; carbon dioxide --
in zones characterized by wavelengths A = 2.05, 2.6, 4.3 (from
4,0 to 4.7) um, and especially in the zone of 12.8-17.3 um.

Water vapor absorbs most strongly in the zZones whose centers
lie on wavelengths A = 0,94, 1.13, 1,38 (1.3-1.5), 1.46, 1.87
(1.7-2.0), 2.66 (2.4=3.4), 2.15, 6.26 (4.5-8.0), 11 7, 13.5, and
14.3 um.

The zones of absorption of carbon dloxide and water vapor
are the reason for the almost complete absorption of infrared
radiation in a broad band of the spectrum by the atmosphere,
beginning with 14-15 um.
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Fig. 2.2. Selective character of afttenuation
of radiation flux by the atmosphere.

Key: a. Transmission
b. um

The dependence of the attenuation of radiation flux on the
guantity of attenuating matter in the path of propagation of the
radlation with normal pressure is illustrated by a table [35] (see
Appendix, Table 6.7). With a reduction in pressure, the absorptiv-
ity of all components is reduced, i.e., layers of absorblng matter
of the same thickness at great altitudes above the earth's surface
attenuate radiation less than at low altitudes. This corresponds
to a reduction in the effective thickness of the absorbing matter.
If we designate by weff the effectlive thickness of an equivalent
layer of precipitated water vapor in the path of propagation of
radiaticn flux reduced for absorptivity to the water wvapor of the
ground layer of the atmosphere, and by wp the actual thickness of
a layer of precipitated water vapor, the ratio will characterize
the reduction in absorptivity of water wvapor with altitude. Data
on the relatlve change in the effective thickness of layers of
water vapor and carbon dioxide depending on altitude above sea
level are presented in Table 2.6.

According to the data in Table 7 (see Appendix), for water

vapor the function f(H) 1s approximated with sufficient precision
by the equation

_ 6—0}0654 H

Wepp/w, = , Whence
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TABLE 2.6.

Altitude Wef £/ Wn. - Altitude We ff/Wn
et B -~ L H
i 7 H,0 co, » H.0 co,
0 1,000 1.000 3050 | 0.819 0,548
305 0.981 0.940 4575 - 0.739 0,404
610 0,961 0.883 6100 0670 0.299
915 0.942 0.840 9150 0.552 0.168
1220 0.923 0.774 12200 0,441 0,085
1525 0,904 0.743 15250 ° 0.348 0.042
1830 0.886 | 0.69 18300 0.272 0.020
ot 92135 ‘ 0.869 0,660 21350 0.214 0.010
2440 0.852 0.620 " 24400 0,167 0,005
2745 0,835 0,580 27450 0,13 0,002
30500 0.105 0.00]
_ ~-0.0654 H
Werp = Wp®
For carbon dioxide, it is approximated by the equation
Lerg/ly =
then L - e-O.lQIi
eff H

(2.15)

(2.16)

where Ly is the distance at which radlation is propagated at
altitude H, and Legpp the effective distance reduced for absorptiv-

ity to the ground layer.

Formulas (2.15) and (2.16) permit calculating, from the known
thickness of precipitated water vapors and the distance of propa-
gation of radiation at altitude H, the effective values of the
indicated quantities reduced for absorptivity to the ground layer.
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CHAPTER 3. OPTICAL..SYSTEM OF ELECTRO-8PTTCAL INSTRUMENTS OF
T SPACE VEHICLES

3.1. The Purpose and Characteristics of Optical Systems

Optilcal systems employed in on-board equipment of artificlal
earth satellites and space ships are extremely varied in basic
elrcuits and design., They have a common basic purpose -- to Zﬁé
collect energy emitted or reflected by the object of observation
and, transforming it to an image or specific form of radiation
flux, to send it to a radiation recelver.

Photoresistors, bolometers, television tubes, photographic
~materlals, and other devices are used as receivers in on-board
“eleédtro<optical equipment. During recent years, visual optical
systems in which the observer's eye 1s the receiver of the radla-
tions are beginning to find employment on manned artifielial earth
satellites. The propertles and characteristics of the receivers,
just as the purpose of a given type of electro-optical equipment,
predetermine requirements for the optical system, for example, the
nature of conversion of the radiation flux, the necessary trans-—
mission in a given region of the spectrum, the form and quality

of the image, and so forth, However, in thelr functional proper-
ties and volume of tasks accomplished with their aid, optical sys-~
tems can be considered as independent devices possessing speclfic
characteristics.

Included among the basic tasks which are accomplished 1in
various types of on-board equipment with the use of optical
systems are:

-- Survey by means of the discrete or continuous scanning of
a specific part of space in which the object of search, reference
point, or subject of observation may be located;

~— Reproduction of the image of an object of observation in
a speciflc scale with the goal of its subsequent recording with
the use of photographic or television devices;

-— Provision of the requlred energy irradianceé on the
surface of the sensitive element of the receiver;

-- Concentration of the radiation flux of artificial emitters,
for example, lasers or flash lamps;

-- Assuring the determination of angular coordinates and
range of the objJects of observatlon.

Morecver, with the use of optical systems, one can accomplish
observation with variable magnification and with various fields of
view, the transmission ¢f information between space ships and to
ground posts, signaling, and a number of other tasks,
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An estimate of the properties and qualities of optiecal
systems can be conducted successfully only with the use of a
number of special characteristics. The experience of optical
Instrument manufacturing and the operation of optical and electro-
optical equipment provides the . .grounds.. for dividing all the
characteristics used for this into the followlng groups: overall
size, power, aberrational, and space-frequency or transmission.

Technical-economic and operational characteristics common
for instrument manufacture are used for an estimate of the quality, /37
dependability, and econcmy of the design formulation and the
effectiveness of the given equipment in the process of operation.

3.2, Scheme of an Optical System and Its Elements

Common to all optical systems 1s the fact that the basis of
each of them is made up of an aggregate of specific elements (lens,
prlsm, and others), the propertiles and mutual arrangement of which
predetermine the characteristics of a specific system. 1In design-
ing, when the structural parameters of the parts and units of the
optical system are still unknown, its equivalent scheme 1s construc-
ted. 1In the theory of optical systems, such a scheme is called
ideal because the basic principle of its construction 1s the con<
dition that it converts the aggregate of polnts, straight lines,
and planes of the space of objects into geometrically similar
aggregates of polnts, straight lines, and planes of the space of
images without introducing distortions into the structure of
refracted or reflected pencils of rays.

This condition is applicable to real optical systems only for
infinitely narrow pencils of rays which pass through the systems
at small angles of slope to the optical axls. With the passage
of broad pencils of rays, distortions or aberrations arise in the
position, geometrlc form, and coloring of the image in comparison
with the object. For an evaluation of the magnitude and character
of the aberrations which determine the quality of the image and
the degree of perfectlion of a real optical system, a similar ideal
system which possesses the very same parameters and which gives
an aberration-free image is used as a standard of comparison.

The method of replacing an actual system being designed by 1ts
equivalent scheme permits calculating ahead of time the basic
optical characteristics of the apparatus being designed.

The equivalent scheme of an optical system also consists of
an aggregate of elements; however, they are not optical parts but
arbitrary planes and points which possess specific properties.

The basic elements of the scheme are the principal and foeal
planes.
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The principal plane is the geometric locus of the points of
intersection of the penclls of rays incident to the system (lens,
non~planar mirror) and refracted by it. Thus, in its properties
1t 1s seemingly equivalent to the action of a real optical system
for the passage of a pencll of rays through it. In the construc- iiﬁ
tion of an equivalent system, the optical system is given in the
form of two princilpal planes: front H and back H' (Fig. 3.1) in
which regard the princilpal plane H' determines the influence of
the system on the pencils of rays, for example pm, which go from
that part of space where the objects being observed or recorded
are arranged, and the principal plane H -- the influence on the
pencils of rays which go in the reverse directiocn, from that part
-0l space where the images of these objects are located.

A complex optical system con-
sisting of several simple ones
. can be presented in the form of
p B oH £ \ a corresponding series of pairs
L ho - of principal planes of 1ts ele-
‘ ments and two principal planes
of the entire system which charac-~
1B ‘\ terize its overall influence on
N ¥ . : the passing pencils of rays.

f f . The points of intersection

' S of the principal planes with optical
axis 00' are called the principal

Fig. 3.1. Equivalent scheme points of the system. The front
of an optical system. principal point N corresponds to
the front principal plane H, and
the back principal polnt N' to the
back principzl plane H'.

The principal planes and principal points permit accomplish-
ing the construction of rays which pass through the system without
consideration of thedr actual refraction on the surfaces of the
lenses or reflection from the mirror.

The focal plane is the geometric locus of the points of 1Inter-
gsection of a pencil of rays from an object refracted or reflected
by the system which is located so far away that the rays of the
incident pencil can be consldered parallel.

The point of intersection of the focal plane with the optical
axis 00' is called the principal focus which 1s the point of inter-
section of a pencil of rays which have fallen on the system parallel
to the optical axis. Depending on the direction of the pencil of
rays, Just as for the principal planes, the front and back focal
planes P and P' are distinguished and, respectively, the front and
back principal focl of the system F and B,
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The sections between the prinecipal points and the principal
foci are called the focal distances. The -Section-NlR' = LFr o
is called the back focal distance and the section NF = f the front
focal distance. If the optilcal system is in a homogeneous environ—
ment, 1.,e., the refractive indices of the medium-in. front of -
and following the system are the same, the front and back focal
distances are equal.

The principal planes are arranged symmetrically to the rezal
refractive surfaces only with single biconvex or biconcave sym-
metrical lenses. 1In real systems, the front and back refractive
surfaces are at different distances from the respective front and
back principal peints. Therefore, besides the focal distances,
1t is necessary to determine the sections between the principal
focus and the corresponding front or back refractive (reflecting)
surface of the system. They are called the back foei or, respec- /39
tively, the front Sp and back S'p: sections. The size of the back
section is a deslign parameter which determines the distance from
the back focal length of the plane to the last lens of the system.

For an estimate of the transverse dimensions of the system
and, in particular, the diameters of the greatest cross sections
which transmit the system of penclls of rays, the scheme is sup-
plemented with diaphragms.

With the passage of penclls of rays through the optical system,
thelr solid angles and cross sections are limited by openings in
the mountings of the optical parts and special screens installed
to cut off the fringe, spuridus rays. ' The mounts of these
openings are called dlaphragms. The position and size of the
diaphragm determine the basic characteristics of the optiecal
gystem and influence the 1llumination and sharpness of the image.
Three types of diaphragms are distinguished: aperture, field, and
auxillary. The latter is Intended to eliminate bright spots and
haleces which arise with the incidence.of spuricus rays in the system.

The operative or aperture diaphragm limits the solid angles
or the diameters of the cross sections of the penclls of rays
which go from objects located on' the optical axis (Fig. 3.2).

The area of the operative diaphragm Dy determines the amount of
light which passes through the system and is used for the creation
of the central portion of the image.

The image of an operative dilaphragm in the space of obJjects
is the entrance pupil of the system, In real systems, if there
are no additional optical parts in front of the objective lens
in the form of mirrors or prisms, usually the operative diaphragm
and the entrance pupll coincide wilth the lens mount. The image
of diaphragm Dy following the optlcal system in the space of
the images 1s the exit pupill.
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The diaphragm of the field of
view Dp limits the inclined or
field pencils of rays which go
from the extra-axial objects and
which pass into the optlecal system
of the instrument. These pencils
of rays create the image of extra-
axial sections in the plane of the
image; therefore, the position,
Fig. 3.2. Diaphragms of an form, and size of this dlaphragm
optical system. determine the form and size of
the field of view of the system.

To obtain sharply defined edges and increase the uniformity
of 1llumination of the image in real optical systems, the field
dlaphragm 1s situated in the plane of the image. For example, gﬂg
if a photomultipller or photoelement is the radiation receiver,
the mount of 1ts photocathode 1s the field diaphragm.

3.3. Dimenslional Characteristics

This group of characteristics determines the "optical dimen-
sions," 1.e., the length of the system, light dlameters of its
elements and thelr mutual disposition, and the degree cof influence
on the pencils of rays passing through the system.

The basic characteristics of this group are: focal distance,
field of view, relative aperture, and resolution.

Moreover, depending on the purpose and basic scheme of the
instrument, this group of characteristics is supplemented or
some of them are replaced by equivalents, For example, for instru-
ments in which the image of an object observed by the eye or analyzed
by other methods 1s constructed with the use of optical systems, a
characteristic such as magnification is used. Instruments with
scanning devices which provide a survey of space beyond the limits
of the field of view of the basic optical system are characterized
by such parameters as viewing angle, lnstantaneous fileld-of-vision
angle, and so forth. However, all these values are derivatives of
the basic dimensional characteristiles. A

The focal distance f' causes magnification, scale of image,
and the optilcal power of the system.

Magnification determines in linear or angular measure how
many times the system reduces or magnifies the image in comparison
with the object. Two types of magniflcation are distingulshed:
linear and angular.
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Linear magnification (B) is the name given to the ratio of
the linear dimensions of the image 1' to the linear dimensions 1
of the corresponding part of the object

|

3 1
; I m’

(3.1)

where 1/m is the linear scale of the image.

If we designate (Fig. 3.3) the distance from the front princi—
pal focus F to the object by x and from the back principal
focus F'to the image by x', then

mujl=;£L_f
p"—‘ f’ ¢ (3«2)

x

Angular magnification - /41
determines the capabillity of =~
the optlcal system to change
the direction of the rays pas-

HH - | sing through it:
Ap _ :
7 ' _ tanu!
Kp . ;NAJ! ' = p— 0" L- tanu (3.3)
X WNE I3
- E— o where u and u' are the angles
= T~/ u’ = of slope of the rays to the
' ' _ optical axis before and after
the system, respectively.
The relation between the
Fig. 3.3. Dilagram of the struc- angular and linear magnifica-
ture of an image in an equivalent tion can be found using Fig. 3.3.
scheme. Since tanu' = 1/f' and tanu =
= 1'/f, and considering that for
optlcal systems in a homogeneous
environment |f| = |f£']|, we obtain T' = (1/1")(£/£') = 1/8 or
rg =1 (3.4)
The optical power of the system ¢ equals:
1
¢‘ = _f-' (3-5)

Note., The sign of optical power, which is determined by the
sign of the focal distance, characterizes the capability of the
system to collect and scatter refracted (for mirrors, reflected)
pencils of rays. OSystems with a positive optical power
are called collective, and with negative optical power, diffusive.
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The sign of the focal distance is taken as positive if it 1g read
off from the principal point along the course of the light rays
in the system.

For a compound optical system consisting of two simple ones,
the optical power will equal

p=%+ 90— dogy, (3.6)

where ¢j3, ¢o are the optlcal power of each of the components, and
d is the distance between them,

The field of view determines that part of space which is
reproduced by the optlcal system within limits of the plane of
the Image limited by the dimensions of the fileld diaphragm., From
Fig. 3.2, 1t follows that the angle of the field of view 2W is /42
determined from the relationship
D
_ 7

tanW = Q_f—' (3.7)

where Dy is the diameter of the field diaphram

If a single photoresistor or bolometer is used as a radiatilon
receiver 1n an slectro-optiecdl system, 1t 1% Iimposslible -to obtain a
large fleld of view due to the small dimensions of the receiver's
sensitive element whose mount 1s the field diaphragm. In this
case, a scanning system 1s used which deflects the optical axis
of the objective lens within the limits of a specific angle (view-
ing angle). The elementary viewlhg angle ' will be fhe
value 2Wg, called the instantaneous fileld of vision angle.

The relative aperture (q) is calculated from the formula
D R
1
Q= (3.8)
accepting approximately that the entrance pupil is combined with

the mount of the objective lens. Here Dy is the light (or operating}
diameter of the objJec¢tive lens.

The theoretical limit of the value gq 1s the relation q < 1/0.5,
It can be found by accepting that with small values of the angle u'
(Flg. 3.3) sinu' ~ Dg/2f'. Since the maximum value of sginu' < 1,
conseguéntly g € 1:0.5. For the fastest objective lenses, the
value g lies within limits of 0.5-2.0.

Resolution (V) characterizes the possibilities of the optical
system to construct separately (or resolve) the lmages of individual
elements of the surface of an object or point objects which are
closely spaced, for example, stars. The higher the resolution,
the greater the information capaclty and the higher the precision
of measurements or the aiming of the electrd-optical equipment.
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The theoretical resoclution of an optical system can be deter-
mined using the diffraction theory of the construection of an image.
If two luminous points S and Sy (Fig. 3.4) are located at a spe-
clfic distance from each other, their image wlll have the appear-
ance not of points S' and S! but of diffraction circles of con-
fusion, consisting of concentric dark and light rings (see Fig.
3.4a). The distribution of irradiance within the Iimits
of such rings is presented in Fig. 3.4b, in which regard, in the
central portion the irradiance will be maximum. These
two images 3S' and S{ can be detected separately with the use of iﬂi
any analyzing system only under the condition where the distance
between their centers is not less than the radius ry of the first
dark ring. From the theory of diffraction [44], it is known that
this value equals

3.8%
H

— 1
t g

(3.9)

where A 1ls the wavelength of the radiation for which the resolu-
tion 1s determined; 3.83 is the coefficient for the first dark ring.

. The angular size of the

\  radius of the first dark ring

. or the minimum angle between
the points belng resolved at
the 1imit in the plane of
the image S' and 5{ under the
cendition that S + = and

1 ' g' = f' is determined from

. _ - the expression

ﬁ% n “ | R V 3,83 ‘ IZﬂh

’ - N  osinemre=—ti—. 388 _ L2% (3 10)

0 /ﬂx P ' aDq D1

&0y where angle € 1s called the
t f - : theoretical resolving angle.

g

jt1 En ]

For optlcal systems

S p S 7 which operate in the visible
-~ - region of the spectrum, the
- ) — mean value of wavelength

A = 0.55 yum = 0.00055 mm.

" In this regard

Fig. 3.4. The influence of dif- .
fraction on the theoretical reso- £ = _1-22-0.00055 - 206000 w

lution of an optlcal system. \ Dy =
a. Course of refracted penclls of

rays and the appearance of the o i |
inge of two points with the lﬂL-—%afﬁthgﬁFﬂ
presence of diffractions’b. Dis- Dy 648 ]
tribution of irradiance :

in the image of two points.
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If the same optlcal system 1s to operate in the near infrared /44
region, with A = 1 um, the value of ¢ wlll be twice as great.

. The angle £ is connected with resolution V by the relation

1 n f
e 648000 |

The resclution of real optlcal systems is always less than the
theoretical, due to the influence of aberrations, defects in the
manufacture of the optical parts, and the gquality of the assembly
and adjustment of the system.

V= rad (3.11)

3.4. Energy Characteristics of an Optical System

The energy characteristics determine the properties of an
optical system as a converter of radiation flux.

The basic characteristics of this group are: transmission
coefficient, aperture ratio, and irradiance in the plane -~
c¢f the image of the optical system.

With the passage of radiation flux through an optical system,
losses in radiation energy arise due to reflection on the surfaces
of the optical parts and abtsorption in the metal mirror coatings
and in the optical material of the parts.

The transmission coefficient 1 characterizes the ratio of
radiation flux ¢; which has passed through the system to the flux
¢ which falls on its entrance

® (3.12)

The ccoefficients of reflection p and absorption B will equal,
respectively

b,

o=—¢—\ and p——‘iﬁ \ (3.13)

where Qp and @B are the values of energy fluxes lost due to reflec-
tion and absorption, respectively.

The values of coefficients 1, p, and B depend on the spectral
composition of the flux, the nature and quality of the surface of
the optical part, and the physical properties of 1{s materilal.
Therefore, 1n a number of cases the spectral values of these
coefflcients are used., The connection beftween the general T and
spectral T()A) transmission coefficients 1s expressed by the relation
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r—_-T r(}:jdl. 1
iy

N (3.14)
Tn accordance with (2.7), we obtain /45
Ay e . ‘
[ @ { o
3 3, .
e (3.15)
i%ﬂ [oa

1 1

where ¢, and ¢T(h) are the spectral values for the incident and
transmitted. fluxes respectively; Al’ Az are wavelengths which limit
the band of the spectrum under consideration.

Similar relations can also be obtained for the coefficients
p and B.

The connectlon between coefficients 1, p, and B is expressed
by the relation ‘

T =1-(p + B) (3.16)

The coefficient of reflection for one surface of an optical part
can be determined from the formula

_ g 1
Q__(n+46F_'\ (3.17)

where n and ng are the refraction 1ndlces for the cptical material
of the part and the medium,\reSpectlvely t

If the optical part is 1n the air, then ng = 1 and expression
(3.17) takes the form

__(n—1p
(n+12 7 (3.18)

Although the value of p depends on the angle of lncidence of
the rays on the refracting surface, with calculations of regular
optical systems, this is often disregarded due to the small angles
of slope to the optical axis.

For optical glass and quartZ 1n the visible region of the
pectrum p = 0.04-0,06., For coated optics, the surface of whose
parts 1s coated with special films which reduce losses for reflec-

tion, the value of the coefficient p does not exceed 0.01-0.005.
For special optical materials which are employed in systems which
operate in the infrared reglon of the spectrum, the index of
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refraction is usually larger than with optical glass. For example,
with TBI crystals n = 2,2-2.46, with silver chloride, n = 2.06,

and with germanium erystals, n = 3,56-3.44, Therefore, in calecula-
tlons of coefficient p (3.18), it is necessary to consider the
material of the part and the presence of a transmitting coating.

If there are a number of optical parts in the optical system,
Wwith a number of refracting surfaces equal to m, the transmission /46
coefficient To whlch considers losses for reflection alone will
equal

T, = (1 - )" (3.19)
During reflection from mirrors, losses will arise due to the
absorption of radiation energy in the metal coating layer. Table

3.1 presents the reflection coefficlents for polished mirror coat-
ings used in eleectro=-optical.egulpment.

TABLE 3.1.

Mirror Coating Reflection Coefficient

Visible Region |Infrared Region

Gold 0
Sllver (polished) 0
Chromium 0.
Aluminum 0

By analogy with expression (3.19), the transmission coef-
ficient which considers energy losses only on the surface of
mirrers will equal

Mm (3.20)

Tm = Pm

where mp 1s the number of mirrors.

The absorption of radiation energy 1n optical material is
determined by the expression

1.'528"3!:1‘5,; ; (3-21)

where tg 1s the transmission coefficient which conslders only
losses gy absorption; tp 1s the specific coefficient of trans-
parency per unit of thickness, and 2 1s the thickness of the
optical material.
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In calculations, 1 cm 1s taken as the unit of thickness of
a layer of optical material. The value of To for optical glass
is taken as 0,01 per centimeter. For optical materials which
are used in the infrared region of the spectrum, the value of
T0 1s taken from reference literature [7].

Thus, the general transmission coefficient of an optical
system equals

T = ToTyTg OF

_ m my,. 1 (3.22)
T = (1-p) Pm™Tq
For a system wilth coated parts of optlecal glass or quartz 47

which operate in the visible reglon of the spectrum, the formula
for the calculation of the transmission coefficient takes the form

T = 0,99™:0,991pMm

Since the overall quantity of radiation energy which enters
the system is determined by the area of the entrance pupil and is
inversely proportional to the square of the foecal length of the
objective lens, for the determination of the relative aperture
(H) we use the <relation

D
B o= o SREL PUp. ) (3.23)

In calculations, the diameter of the entrance pupil is often
used which is equal to the diameter of the objective lens; then

H = 1qg° (3.24)

Since the value of 1 18 inversely proportional to the number
of lenses and thelr thickness, in the use of multilens systems.with
a large relative aperture, the effective relative aperturé -may be
equal to or even less than that of simple systems with a small
number of lenses and a smaller relative aperture.

The irradlance of the.ilmage (E') depends on the
ratio of the radiation flux d¢ which emerged from an elementary
area of the surface of the object and passed through the optical
system to the corresponding elementary area AA' of the surface of
the image. The magnitude of the irradiance and its '
distribution over the surface of the Iimage determine the pos-
sibility of its recording with the use of photoelectric or other
radiation receivers.

For the calculation of the ilrradiante -in-*the center
of image E\ we present an optical system (Fig. 3.5) with entrance
M and exit M' pupils. Suppose that the plane of object A whose /48
central section is designated AA has uniform energy brightness B.
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. The elementary flux d? which
falls on the entrance pupill
within the limits of the solid
i angle dw at angle 1 to the

. optical axis equals

d@:gﬁmosfdm,\ (3.25)

Since dw = sin id1d¢, the total
flux will equal

Fig. 3.5. For the derivation of
the dependence of irradlance on

the dimension characteristics @::j 5 BAAshlﬁmShﬁd?f (3.26)

imy pulz

of an optlieal system.

iwml o=0
x

Carrying the constant values B and AA outslde the integral
sign and performing the integration within the indicated limits,
we obtaln

| O=aBAAsin%z. ‘I
= . i (3.27)

For the transition to the plane of the image we use the known
[38] invariant ni sinu-= n'i' sinu' where ; and 1' are the linear
dimensions of the corresponding elements of the object and its
image, and n and n' the refraction indices of the environment
before and after the system, respectively. DMorecover, from geo-
metric considerations, it is clear that AA'/AA = 1'/12. Then

. |
. r2 . 1
AAsin*r= f_ AA sm’u’-;

n2

Usually, n' = n = 1, therefore expression (3.27) takes the form

. @::’(B.Af!' sin®*n. !

In accordance with (3.13), flux &' which has passed through
the optical system equals ¢' = 1%} consequently

@ =aBrak sineua\ (3.28)

The irradiance.of the central area of the image will equal
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L=

‘;;==n815m’w3 (3.29)

The value sinZu' is called the numerical aperture of the
optical system.

If the image is in the focal plane of the objective lens,
which corresponds to the removal of the obJect a.distance equal
to or greater than practical infinity, then, taking the condition
sinu' ~ tanu' for small values of angle u' and considering that /49
for the objective lens its light dlameter D7 equals approximately
the diameters of the entrance and exit pupils, we obtain

. Dy !
sin &' ==k
. 2r

Thus, the final relation for the calculation.of. irradiance
in- the center-of-the plane of the image takes the form

Eé:if\(&)gz%ﬂ' \ (3.30)

The obtalned equation establishes the connectlion between the

» irradiance--in. the eenter.of -the image. and the relative aperture

of’ the system.

The irradiance decreases in proportion-te removal
toward the edges of the plane of the image. If an elementary
radlation flux d¢' which falls within the limits of solid angle
dwd on the central element AS} of plane P' of the image passes
through element dm' of the plane of the exit pupll M' (Fig. 3.6)
from (3.25) we have

‘ |
d®'  —=BAAdw,
8A, AAgde, ; (3.31)

A flux which falls on such an area AA which is located on
the edge of the plane of the 1mage w1ll accordingly equal

d@

sar ——BAA'cosW'dm J (3.32)

Considering that .Ju;"xdm",cosﬁ'u'f’: and gr_ 4% \!
: - ad

we obtain

49



E,, =E;A,cos‘W. J

0 ] (3.33)
M T dw ¢ F;ﬁ% ! This law of the change in
irradiance over the pliane of the

image 1s- vallid: for.systems wilth
' small dimensions.of‘the entrance
‘ pupil.

4

— -

- In regular optical systems /50
Fig. 3.6. For the derivation of with relatively large entrance

the dependence of irradiance on. pupils, the 1irradlance
the angle of slope of the penell of each element of the image is
of rays: caused by radiaticon fluxes which

pass not only through the center
but also through all sectlions of the pupil of the system; therefore,
attenuation of irradiance toward the edges of the image will be

tess intensive.’

3.5. Aberration Characteristics

In the consideratlon of dimensional and energy characteristics
it was assumed that the optlcal system is ideal, i.e., in a specifiec
scale 1t provides an image similar to the object without any dis-
tortions 1ntroduced by the system itself.

The images obtained with the use of real optical systems differ
in geometric form, definition, and spectral composition from the
images created by equivalent ideal systems.

These distorfions of errors of images are also called aber-
rations. To estimate the character and magnitudes of aberrations,
the corresponding aberration characteristics are used which are a
measure of the evaluation of the quality of the optical system.

Aberration characteristics determine the relation between:

—-— the nature and amount of distortion of the image;

-— the conditions for the passage of pencils of rays which
create images through the system and the design parameters
of the optical parts of the system.

In planning, this permits obtalnlng the optimum parameters
of the optics which satisfy given requirements for image quality.

Depending on the nature of the arising of aberrations, they
are divided into monochromatic and chromatic.
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Monochromatlec aberratlons arise as a result of the differ-
ence in the conditions of the passage of rays of one wavelength
or frequency through an optical system at various heights and at
various angles relative to the optical axis. This type of aber-
rations causes a change in the geometric shape and dimensions of
the image of points, lines, and planes.

Chromatic aberrations arise as a consequence of the disper-
sion of rays of various wavelengths or frequencies in the material
of the optical parts. As a result of chromatic aberrations, the
coloring of the image arises which leads to a worsening of its
definition,

In designing or evaluatling the quality of a specific model
of electro-optical egulpment, in.order.to.consider.the aberrations
alone which are inherent to a given system, they are divided into
axial and fleld. Axlal aberrations arise with the ilmage formation of
points in the space of objects, for exampie stars, which are located/51
on the optical axls and cause the appearance of circles of confusion
of a specific diameter instead of point images in the center of the
image"s plane. Axial aberrations are most dangerous for optical
systems with small field-of-visilon angles in which the object of
analysis or recording is the central portion of the image plane,
for example, in star-oriented electro-optical instruments, and so
forth.

Field aberrations distort images of extra-axial points of
the space of objects embraced by the solid angle of the field of
view of the system.

To establish the connection with the parameters of the optical
system and 1its parts, monochromatic aberrations are divided into
five types: spherical, coma, astigmatism, curvature of the surface
of the image, and distortion.

Spherical aberration (Fig.
---—.  3.7) arlses wilth the incidence
of a broad pencll on a lens,
the rays of which emerge from
point S of the object which
lies on the 00' optical axis.
As a result of the difference
in the angles of incidence on
the surface of the lens and
the refraction conditions in
it, the rays of the near-axis
(shown by the dashed line) and
broad pencils (shown by the
solid lines) will intersect
wlth the axis at different
points Sé and S'. As a result

Fig. 3.7. Spherical or aperture
aberration.
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of spherical aberration, the image of point S will have the appear-
ance of a circle of confusion whose diameter changes depending on
the locus of the cross section of the penecil within limits of

the segment &s' = SAS'. The least diameter of 2p' will be in plane
P' removed from plane P} by a distance of approximately 0.7568s'.
Plane P' is called the plane of least scatter with which the

attempt is made to mateh the surface of the radiation receiver in
adjusting the optical system. The distance &8s' within the limits

of which the polnts of intersection of the pencil with the axis

of refracted rays are disposed is called the longitudinal spherical
aberration., It is read from polint S4s therefore, for a positive
lens (see Fig. 3.7}, it has a minus sign. The value r, is called
the transverse spherical aberration. It is obvious that r, =

3" tanu'. With the removal of polint 3 to distance s = «, plane /52
PL is matched with the back focal plane of the system and s' = f'.
Tgen the value és' = 8f' will characterize the error in the position
of the focus F' and its dispersion depends on the change 1n angles

u or u'. In accordance wlth the theory of monochromatic aberrations
(43, 447, the value of the radius of the circle of confusion of a
simple lens can be expressed approximately by the relation

k3
ro=— S;,! (3.34)
where 81 = ¢{(rj;n;;d3354) is the coefficient of spherical aberration;
r;;ds and ny are the radius of curvature, thickness, and refraction
index of the lens material, respectively; s4 are relative spacings

of the lens components; h is the height of the outmost ray equal to
half the diameter of the entrance pupil.

Equation (3.34) shows that with given dimensional characteris-
tics (Dentr.pup. = diameter of entrance pupil and f') it 1s necessary

to so select the design parameters of the parts of the system that,
in reducing coefficient Sy, the required value of the radius of
the circle of confusion 1is attained.

For a negatlive lens (Fig. 3.8a) and spherical mirror (Fig.
3.8b), the longitudinal spherical aberration has the reverse sign
in comparlison with the aberration of a po&itive lens since the
focus F! 1s displaced relative to F' in the direction from which
the rays fall.

In calculating &aspherical mirrors which have a parabolic or
elliptical shape of reflecting surface, it is necessary to include
in coefficlent St (3.34) additional parameters which characterize /5
the deviation of the mirror surface from a sphere. This permits ~—
the more successful elimination of spherical aberration in using
aspherical mirrors.
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i P ”,
o\ k///’_ //,;‘ _ The different signs of
Fir 17 L R £ 4 | spherical aberration of posi-
S~ i o f::???égk/ . tive and negative lenses and
i f R mirrors permit using the aber-
LA /} Aoy 7 ration compensation method,
: A - i.e., the components of the
' B) system are selected so that

a) thelir aberrations are approxi-

' Filg. 3.8. Spherical aberrations. mately equal in magnitude but
a. Negative lens. b. Spherical have reverse signs.
mirror,

Spherical aberration is evaluated by the amount of longi-
tudinal spherical aberration 6f' or the circle of confusion rP
and the curve for change-1s &§f' as’a function.of the height
of incidence of the ray on the optical system (Fig. 3.9). To
1llustrate the method of compensation, presented on the chart are
curves of aberrations of positive and negative lenses and the
resulting curve which characterizes the residual aberration of a
two-lens component.

Just as in the case of
. spherilcal aberration, the reason
€ 1. for the arising of a coma (Fig.
h.rl. o 3.10) is the different condi-

LF tions for the incidence and
refraction of the central (dashed
line) and outermost (solid line)
rays. As a result, the con-
| struction of a refracted pencil
becomes asymmetrlical and in
ﬁ%? Y plane P', instead of the image
ol

1 n
!
i

[ g Ty
—~—

— e w— .

|
I
if !
f
I .
|

of a point, a spot of scatter
is created {(with a shape like

a drop) whose pointed end is
elongated in a direction toward

of;

Fig. 3.9. Chart of the depen- the edge of the plane of the
dence of longitudinal spherical image. Figure 3.10 shows a

_ aberrations on the helght of view of the plane of the image
incidence of rays on the surface with the presence of a coma.
of a lens. Shown in the center is a circle

of confusion 2p' caused by
spherical aberration. The coma is evaluated by the greatest longi- /54
tudinal dimenslon of the scatter figure (Ggﬁ) and the coma chart.

The value of dg! 1s connected with the dimensional charac-
teristics and the deSign parameters of the system by the relation-
ship [44]: '

)
;:—%—-.tanWSII (2.35)

N
ry
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- where W 1s the angle of slope of
2 . the pencil to the optical axis of
g { | the system; Sgy 1s the coefficient
of the coma which depends on the
design parameters and the mutual
position of the optical parts.

v S AR This equation shows that the
Fig. 3.10. Course of refracted coma worsens the quality along the
rays with the presence of coma edges of the image plane, especially
aberration., a. Construction in wide-angle systems. The value
of a refracted pencll of rays.
b. Image of extra-axial points

with a coma. E = — 7 (3.36)
sinu'

1s called the measure of the coma k'. In the absence of a coma,

k' = 0. Therefore, in designing optical systems, the parameters

of their parts are calculated so that for all rays of inclined
pencils, Egq. (3.36) is equal or close to zero. The diagram of the
coma 1s constructed by analogy wlth the diagram of spherical
aberration, but the value k' is lald off along the abscissa and
the angle u' along the ordinate.

Astigmatism causes diskruption of the symmetry of a pencil
refracted by a lens or reflected by a mirror and inclined by the
angle W whose rays lie in various planes which intersect along
the axis of the pencil 0"O™: As a result of the astigmatism, the
extra-axlial points of the plane of the obJect (Fig. 3.11) are
depicted 1n the form of two mutually perpendicular lines which
lie across the 0"O"™ axis of the refracted (reflected) pencil at
a distance of §sjf = FMFS

Astigmatism arises from
the faet that the rays which
lie in one plane, for example
S, will be refracted (or re-
flected) when falling on a
spherical surface differently
from rays which lie in another
plane, for example M, because

of the difference in curvature
‘of the c¢ross sections formsed /55

.where the surface of the

sphere is intersected by these
planes. Astigmatism is evalu-
‘ated_by. the astigmatic differ-
ence §s! and the transverse
dlmen51ons of. the scatter Cig-
ure 6gA formed by a point of the

Fig. 3.11. Dlagram of a refracted
pencil of rays with the astigmatism
aberration.
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object in the focal plane. For a simple lens, this
value eqguals approximately Sgji = tandWSIII where St77 is the

astigmatism coefficient which depends on the design parameters
of the system. Since astigmatism is a field aberration, 1its
diagram (Fig. 3.12) is constructed depending on the angle of the
field of view W. Curves Xg and Xy are the geometric locus of
astigmatice foci F4 and FY, and the distance between them along
the horizontal character%zes the value 8s} = p(W).

If the design para-
meters of the system are
selected so as to eliminate
astigmatism, i.e., 8sj =
= 0, the aberration of
the surface curvature
arises, as a result of
which the geometrice loecus
of point images will be a

S
L7
/“:ﬂ-..
,-’
L]
9 Wi

v

;? v surface with curvature 1/R
! (see Fig. 3.12b). As a
) result, instead of point
images scatter diagrams
Fig. 3.12. Diagrams of aberrations $€tury, surs, WLl be cre-
inclined toward the axls of pencils ated on the plane surface
of rays: a. astigmatism; b. surface of the radiation receiver
curvature. of -Image .in-elimination matched with the focal
of astigmatism; c. diaphragm for a plane. The value of 1/R
two-component optical system cor- can be found from the
rected for astigmatism. and image equation

surface curvature.
L]

1o _‘Pf_\
Rzz il (3.37)

1

where ¢; are the optical powers of the system's components, and k
is the number of components.

Thesé two aberrations are eliminated simultaneocusly /56
by selecting the characteristics of the components so that their
astigmatic differences and curvature of thé image .mutually compen-
sate each other (see Fig. 3.12¢).

Dispersion causes distortion of the scale of the image as a
result of the disruption of the constancy of the linear magnifica-
tion over the plane of the image. As a result of the dispersion,
the object, for example in the form of a square, is deplcted 1n
the form of a barrel-shape’ or pin-cushion shape., Since the
amount of distortion is proportional to tan3w, 1t is most dangerous
for wide-angle lenses. The measure of distortidn is the value:
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Velo=t _ & | (3.38)
To T

where yg and yy: are the linear magnifications in the center and
on the edge of the plane of the image, respectively.

The distortion diagram is constructed in the form of the
relationship V = ¢(W). Distortion is eliminated by methods of
selecting parameters and mutual compensation, .

Chromatic aberrations are divided into chromatic aberration
of position and chromatism of magnification.

Chromatic aberration
of position arises as a
~ result of the dispersion

N of rays in the optical
& | material of the lens. In

4
' , - this, the pencil of rays
K, f‘?ﬁg { of complex spectral compo-
. \:\“"“'3'f__ sltion fellowing the lens
~xad 1A (Fig. 3.13) is separated
bl | ] into components and lnstead
shr F%ESE of one focus F', a number
] of foci arise for rays of
5} S correspondling wavelengths.
Since the refraction index
_ of optical materlal is
Fig. 3.13. Chromatic aberrations: inversely proportional to
a. positive lens; b. negative lens. the radiation wavelength.,

rays with the smallest
wavelength are refracted most intensively and vice versa. If, for
example, the spectrum of an incildent pencil lies in the visible
region, Fil will be the focus for violet rays, and Fig for longer-

wave rays’, i.e., red. This aberration is axial since it distorts
the image 1n the center of the plane of images.

~
un

3 1 - ] - 1 . » s
The distance chhr Fkl sz within the limits of which the

foci are located and, consequently, also the corresponding focal
planes of a chromatic pencil of rays is called the chromatic aber-~
ration of position., From the diagram of the path of the rays (see
Fig. 3.13), it can be seen that

SEp = S i (3.39)

i.e., for positive lenses this value has a negative sign, and for
negative lenses a positive sign.
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The dependence of §f! on the dimensional and design para-

chr
meters of the system is expressed by the equation [38]:

[amm

or1, = ~f22{ ) (3.40)

where hy 1s the height of incidence of a ray on a given lens; vy
is the dispersion coefficient of the lens material; m is the number
of lenses In the system.

The value of the dispersion coefficient is expressed by the
formula

n—1

L (3.41)

ve=

Where dn = ny, - ny, is the difference 1n the refraction indices
of the optica} material for the extreme wavelengths.

Accepting that hy = hy = ... = hy, from (3.40) we obtain
B g
, :
8T ihr —“f”E-%. l (3.42)

4 |

]

Thus, for the achromatization of the system, i.e., the elimina-
tion of the chromatism of the position of the focus, 1t is neces-
sary to so select the optical materials and values of ¢4 of the
components that the sum

m
F—0. |
i . |

¥
For example, the condition of c¢omplete achromatization for a
two-lens cobjective ¢consisting of a positive and negative lens
will have the appearance

4 SR S

i va |

Chromatic aberration of position is often characterized by a
circle of confusion 2p (see Fig. 3.13a) whilch arilses in the /58
plane of the image. ﬁe value of Ep he depends on the position -
of the plane of the image within limits of Gf'hr and has a minimum

value in the plane P!, called the plane of least scatter, equal to

2p!

~ t t
chr min ~ 0‘?85fchrlogu
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In the alignment of the system with this plane, usually the
surface of the radiaticn receiver 1s matched. With the use of a
single photoresistor with a dlameter of the operating surface
of dy as a receiver, the initial condition for achromatization
will be 2p! ohr < dg Substituting in (3.42) the value f' gilven

by the technical specifications, and considering that tanu' depends
on the relative aperture of the objective lens tanu' = Dyp/f', we
obtain the achromatization condition

r

af, = 20chr m11_1__ 2d.gf’ '.'and{
Chr 0 75 lg u' 0 70D b |

. .

s s

Vi 0,75D,C-J'b , 1

1

|

The dlagram of chromatic aberration of position is constructed
similar to the diagram of spherical aberration, but for values of
wavelengths: two extreme Ay, X2 and average A. The distance along
the horizontal between these curves provides the value of Af'.yp
as a functlon of the -helght of incldence ©f a ray on the lens.

For objective lenses of photographle syastems, the diagrams of
chromatic aberration (Fig. 3.14) are constructed as the function

61 P{(A), which provides the most graphic impression for
evaEuatlng the degreejof achromatization.
e ! { With the transmission
o y/ ) " of the rays which go from
£ k/“ ¢ | extra-axial points (Fig.
£ ; > 3.15), as a result of dis-
: gt {\- P i persicn, chromatism of
Cgal K\ ; magnification arises which
' f consists of the fact that /59
—e 7 0 2 4w \ images 1}, and 1, of object”
Fig. 3.14. Diagram of chromatic 1 have different magnifica-

aberration depending on wavelength. tion. This fleld chromatie
oo e aberration is also maintained
in the case where chromatism
of positlon 1s eliminated.
Chromatism of magnifica-
tion of an optical system
is reduced by the appro-
priate selection of the
types of optical materials
and the design parameters
of the parts of the system.

Fig.‘3.15. Chromatic aberration
of magnificatlon.
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Monochromatic and chromatic aberrations also arise with the
passage of convergent rays lnclined toward the optical axis through
prisms and plane-parallel plates. The basic parameter which influ-
ences the amount of aberration is the thickness d of the plate or
prism. For example, the circle of confusion of a spherical (aper-
ture) aberration equals

=1nﬂ-‘ W,
*8sph z( € j

where n' is the index of refraction of the material of the prism;
W 1s the angle of slope to the axis of the pencil of rays.

In this case, the chromatic aberration of position equals

n—1
ot = ()|

Therefore, aberrations are considered only for prisms and plates
having considerable thickness and standing in sloping, convergent,
or divergent pencils of rays.

In addition to aberrations, the guality of image is also
influenced by defects in the manufacture of optical parts and the
precision of their placement in the design position. The basic
criterion for estimating the quality of the image, which deter-
mines the requirements for residual aberrations and tolerances
for manufacture and assembly, is the linear or angular resolution
of the radiation receiver which operates with a given optical
system. For example, if a single photoresistor or a mosale of
several with a specific dilameter of the sensitive element is used
as the recelver, the circle of confusion of allowable total aber-
ration should have a smaller or equal diameter. Similar require-
ments are also put forth in the use of other receivers, for example
photo materials where the 1limit of the dimensions of the cirecle of
confusion is determined by the grain of the emulsion.

3.6. Transmission Characteristics of an Optical System

For the evaluation of the quality of coptical systems of on-
board electro-optical equipment,. the method of space-frequency-
transmission functions 1s widely used. : This, method permits — .
avaluating -the wresolution of an .optical system depending on the /60
degree and character of change in -centrast propertles, lumlnance,
and other parameters of the object.

The quality of an 1lmage created by an. optical system is
determined in this case with the aid of special functions which
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connect the contrast propérties of the obJect and its image depend-
ing on the characteristlcs of the optical system.

Suppose that an object possessing a specific distribution of
luminance over its surface 1s gilven by the funection B{x,y) (Fig.
3.16). The field of luminance of the object can be presented in
the form of a set of sine functions, each of which is characterized
by amplitude and spatial frequency, 1. .e., by a-value. inverse to
the .period of .a .given harmonic.. ‘

In an ideal system, one
point in the plane of the image
with coordinates x, y willl cor=-
respond to each point of the
object wlth coordinates xq, Yo-

In actual systems, as a
result of the influence of dis-
persion, monochromatic aber-
rations, and other reasons, the
Image of a polnt has the form
of a scatter figure with a
specific distribution of
Fig. 3.16. Spatial distribution irradiance -over 1ts surface.
of luminance over the surface of This distribution is called
an object. the scattering function of a

' point or, after normalization,
the funection of the weight of the optical system. In this case,
normalizaticn consists of the faet that the integral of the scat-
tering function H(x',y') 1is equated to unity:

ﬂHi(x_’, g)dx dyf =1. (3.13)

If we accept that in the central portion of the plane of the image
the scatfer figure is determined only by axial aberrations and its
form and dimensions change little, the image of any point of the
object can be presented by the function H(x' - Bxp, ¥y' - Byg) where
B is the linear magnification of the system. Substituting Bxy = X
and Byg = ¥, we obtain the expression for the scaftering funcgion
within the limits of the sectlon of the plane of the image H{x-x,
y'-y) considered.

In this, the distribution of lirradiance E-(x', y')
in the plane of the image will be expressed by the relation
- |
| E(x',yf)=” B(x,y)ff(x'—x,y'—y)dxa'y.\ (3.44)

\
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Thus, the «resultant. integral of the. convolution of .these twq'iél
functions shows that the dilstribution of irradiance of '
the image with a given change in brightness of the object B(x,y)
is determined by the aggregate of the scatterlng functlons of
each point of the 1mage,

Transformation of the Fourier function E(x',y') permits obtain-
ing the frequency spectrum e(vljvg) of the distribution of the
irradiance of the image:

o ! ;
sOuv= [ B y)ettmrmaay. | (3.45)
= | i
In this expression, vi. and vp are spatial frequencies along
the X and Y axes, 1.e.,

=31 =4
1°F and v, o
where £ and n are the periods of the first harmonics along the
corresponding axes.

v

Substituting variables X = x'-x and ¥ = y'-y and transforming
expression (3.45), we obtaln

7 ) ) - \
Uty n= [ Blrg)eiera dxdy X |

xj?ﬁ(x,‘Y)r==frx':+r-.> axay. \\ (3.486)

Expression (3.46) shows that the frequency spectrum of the
distribution of irradiance in the plane of the Image
equals the transformation of the Fourier function of the distribu-
tion of luminance of the object and the scattering function (weight
function) of the optical system.

Introducing abbreviated designations for two terms of the
right side, expression (3.46) can be rewritten in the form

£ ('\’1: '\’3.):!,7("1’ V,_) k ('\’1, ‘\’3). | ( 3. 4 7 )

Function b(vy,vp) 1is called the space frequency characteristic
(SFC) of the dlstrlbutlon of the object's luminance. The function
h(v »Vo), which determines the influence of the optical system on
the change of" the space~frequency spectrum of the object in the
process of creation of the image, is called the complex space-
frequency transmission funetion of the optical system.
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From (3.47), it follows that the transmission function of
an optical system can be obtained as the relation of freguency /62
spectra of 1rradiance of ‘the image and .the luminance of the
ebject:

h=(v)=g R (3.48)

The determination of function b(vi,vs) for actual objects

and its calculation is a difficult task since a spatial spectrum
should be selected as the obJect which would contain a set of all
frequencies transmitted by the optical system. Therefore, one of
the methods of calculating the transmission function of an optical
system is the use of a point emitter which possesses the properties
of a delta-function, the space-frequency characteristic of which

1s constant and equals

b(vy,vp)

This means that the spectrum of such a source contains a
set of all frequencies of the same amplitude. In this, the trans-
mission function can be calculated or determined experimentally
in the form

h ('\"1, ‘?2)"":51 (\’.1: Vz)- :

. | (3.49)

where eT(vl,vE) is the frequency spectrum of the distribution of

irradiance in a scatter spot from the point  source or a Fourier
transform of the-weight function.

Function h{vi,v,) is complex. Its modulus |h(wq,vs)| 1s called
the modulation transmission function of the optical system.l The
initial value for the determination of the modulation transmisslon
function 1s the scattering functlon which characterizes the dlstribu-
tion of irradiance-and the ggemetry of -the .edrcile-eof confusion in
the. form of which eachpoint of the ebject . is. portrayed. . This
ﬁérmlts the most complete evaluation of-the.influenee of . dimensional,
energyy-and-aberration characteristics of a given optlcal system on
therquality of thesdimage which it-creates.

Let us present an example which shows the influence of the
modulation transmission function on the change in the contrast-
frequency spectrum. Suppose that the distributlon of luminance
over the plane of the object along the X axis has the form of a
sine funetion with a:.constant.compdnent.

In the literature, this value is alsc called the amplitude-space-
frequency characteristic (Aspc) or contrast-frequency characteristiec.
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5(-’5)1——80—;-8, sin 2nv,x. \‘L
The modulation transmission function h(vs) 1s given by the

graph (Fig. 3.17). If thls function is normalized, i.e., the

transmission factor for a constant component By equals one, the /83"

distribution of irﬂadi&nce.inathefplanemqf_the~image of the : —

optical .system will be expressed by the relation

E(¥)=B,tA(v)B;sin 2“"!"'&\ (3.50)

The conftrast in the plane
of the object ky and in the
plane of the image k4 1s expressed
hiv) by the known relationships
1.0

Bmaz—Bale _ J

k= ;
Buaz + Bain (3.51)

— B — i,

Using expressions (3.50)

Fig. 3.17. Graph of the relation 2n¢ (3.51) and Fig. 3.18, we

for the transmission function of obtain
an optical system. .
|
o=§';'A;
Ty ki= Bih (v1)
Bix), £y e , A=
b Bixy . ;
; B(‘.tlt)- hf‘-’x?

B, o and consequently
| vy = k h(vg) (3.52)
: \ Formula (3.52) was obtained

L —
&. x._‘v_x X

for one spatial frequency.

In the general form with con-
sideration of the functional

dependence of k4 and kg on vj
and vo

Fig. 3.18. éféph of the change

in luminance or irradiance along . )

the aXiS. ’ k ('V, _ IS —

VL) k°("1,"'z)ﬁ(‘\?1.v2)_ (3.52a)
Thus, the 1mage contrast can be determined knowing the con-

trast 1in the plane of the objJect and the value of the modulation

transmission function of the optical system.
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3.7. Classification of Optical Systems /64

Optlcal systems are divided into several groups depending on
the purpose, schematic diagram, and special features of the device.

If the change 1in the convergence of the pencil of rays which
passes through the system is accomplished with the use of a lens,
the system is called a lens system. A system in which spherical
Oor aspherical mirrors are used for this purpose 1s called a mirror
system. If parts with refracting or reflecting surfacesg are used
simultaneously in an optical system, i1.e., lenses and mirrors, the
system is called a mirror-lens system.

Depending on the magnitude and sign of the optical power,
three groups of optical systems are distinguished: positive, nega-
tive, and afocal.

Positive systems which have an optical power greater than zero
press the pencil of rays passing through the system toward the
optical axis and create a real image of the objJect at the exit from
the system. ObJective lenses are typical examples of such systems.
Negative systems which have an optical power less than zero deflect
the penclls of rays which pass through them-from the optical axls
and create virtual images of the objects.

A virtual image can be constructed graphically (or analytically),
extending the lines of direction of the rays which diverge after the
negative system to thelir mutual intersection.

Negative systems are used individually only for the solution
of particular problems, for example, to expand a cone of rays to
fill the entire area of a radiation emitter. Usually, negative
systems are connected with positive ones to compensate for aber-
rations.

Afocal optical systems are systems which have an optical power
equal to zeroc, i.e., with an infinitely large focal length. Afoeal
systems do not change the form (convergence) of the pencils of rays
which pass through them but, depending on the multiplleity factor,
theyaccordingly increase or decrease their diameter and angle of
sliope to the axis. Typical examples of such systems are telescopic
systems.

Depending on the purpose and schematic dlagram, optical sys-
tems can be projection, telescoplc, collimator, and so forth.

Projectlon optical systems create actual images of observed
objects or emitters in the plane of the image with which the sur-
face of the senslitive element of the radiation recelver is usually
combined. The basic type of projection systems in on-board equip-
ment of an artificial earth satellife and space ship are lens and
mirror objectives.
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Telescopic systems form the basis of all types of observa-
tion instruments including the sights of manned earth satellites. _Qi
Recently, telescopic systems have begun to be used to change the
transverse cross section of laser rays 1in on-board optical loca-
tion equipment.

Collimator systems serve for matching the image of scales,
sights, or sighting markers wlth the field of view of the obser-
vatlon or photographic system. Collimators find wide employment
in control-and-adjJustment and checking equipment.

Besldes the enumerated basic types of optical systems, other
types of optical systems are also beginning to find application
in the special instrumentation of artificial earth satellites
and space ships, for example, of fiber optics, spectral optics,
and so forth.

3.8. Lens Systems

Lens systems are divided into simple and compound. A simple
system conslists of two or three lenses., Compound.systems often
contain several dozen lenses. Lenses (Fig. 3.19) are usually
distinguished by the shape of ftheilr refracting surfaces. Spherical,
aspherical, and cylindrical lenses are employed most often. Because
of the different curvature along the XX and YY axes, a cylindrical
lens (Fig. 3.20) creates the image of a point object in the form of
a line perpendicular to the plane of the c¢ress section of greatest
curvature.

In determining the parameters
of a lens, at the first astage of
the calculation 1ts thickness is
usually disregarded and the radii
of curvature are calculated for a/6f
so-called "thin" lens. After
obtaining satilsfactory results,
the deslgn and aberration charac-
teristics are finglly calculated
with consideration of the thick-
ness aof the cylindrical lens.

A thin lens (Fig. 3.21) is
characterized by five basic para-
meters: focal length, light diameter,
two radii of curvature, and the
} . - refraction index of the optical

material, Taking the thickness
. of the lens @ = 0, we unambiguously
Flg. 3.19. Types of lenses. . the position of 1ts principal
planes which coincide in this case

A
~ 0
H_
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Al

with the apexes of the refracting
surfaces,

From physical optics 1t is
known that if a lens is in a homo-
geneous medium, for example

in air, il.e., n; = ny =1 and np =
= n, then

1 1 1 1

Fig. 3.20. Cylindrical lens. ;T“'j:=*”_4)(?r"7;0' (3.53)

where s' and s are the distances
to the image and the oblect, respec-
tively.

Equation (3.53) is called the
equatlon of a thin lens., It permits
determining the position of an image
with known lens parameters or solv-
ing the 1nverse problem for the
determination of the lens parameters
depending on the required distance
to the image plane. Setting s = «,
Eq. (3.53) permits determining the
focal length of the lens

Fig. 3.21. For the derilvation
of the equation of a thin lens.

or

rnr J‘

[ 172

J'= (r—1)(ro—ry) ~ [
' (3.54)

With the egquality of the refraction indices before and after the
lens, the front and back focal lengths are equal but have different
slgns.

If we accept that air is in front of and behind the lens and /67
the refraction index of the optical material of the lens equals n,
then for the back focal length of the first surface f{ and the
front focal length of the second surface fo, we will have

: ] nr nr
f;:-—_ ! f3=-1 2 '[

n—1 n—1
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Two refracting surfaces which limit the lens are located at
distance d (see Fig. 3.21) from each other and comprise a complex
System whose optlcal interval A, 1l.e., the distance between F{ and
Fo with consideration of signs, will equal A = d + fp - £1-

Substituting the values fi and f», we obtain

n ‘(rg—— rl).-[- {n—1)d

A=

n—1 (3-55)
The focal length of a gempound system will equal
' f,;f; _ ﬂ’lfn
S P S WSy (3.56)

Expressing in (3.56) the radiil of curvature pq = 1/3:'l and p, = 1/ry,

we find a simple formula for the optical power of a lens of finite
thickness

' =_L=____ a2, )
E 7 (» ”(9‘ Qo)== "9192-] (3.57)

Calculation in accordance with the obtained formula provides
the value of the optical power in diopters i1f the radii of curvature
are expressed in meters.

Most often, the lens systems in eleetro-optical on-board
ment accomplish the functions of objectives and condensers.

The objective is the lens system which, in the overall scheme
of the instrument, is disposed closer to the objJect than the other
lens parts and unlts. In accordance with the number of lenses,
objectives are divided into two-lens -(glued and unglued), three-
lens, and multilens.

For a wide-angle objective, the main characteristic is the
angle of the field of view (in some models, it equals 20.88.10-2
rad or more). Wide-angle objectlves are used in photographic and
television cameras to obtain images of extended terrain sectors.

Wide-angle objectives have small focal lengths up to 200-300 mm
wlth a relative aperture of no more than 1/3 - 1/4.

Long-focus objectives possessing a small field-of-vision angle/68
(8.,7-10"¢ - 17.4.10-2 rad) with a relative aperture less than 1/5 ~
1/6 form an image of an object with large linear magnification,
which permits obtaining 1ts small-scale Image. According to design,
long-focus objectives are dlvided into regular and telephoto. ‘

A regular long-focus lens objective has a length of housing which
is approximately equal to its back focal length; therefore, with
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the use of such an objectlve, the dimensions of the apparatus
increase sharply. A telephoto objective, consisting of two lens
components, posltive and negative (Fig. 3.22), is distinguished
by the fact that 1ts back principal plane 1s moved forward, into
the space of the objects; therefore, the length of its housing
is two or three times shorter with the same foc¢al length as with
a similar long-focus objective.

5 The group of fast objectlves
is made up of compound: multilens
objectives having a relative aper-

i ture of at least 1/2 - 1/2.5, 1.e.,

‘ possessing a large entrance pupil

‘ wilth comparatively small focal

lengths.
Fig. 3.22. Diagram of a tele- In electro-optical equipment,
photo lens. where radiation flux modulators

or screens installed 1n the back
focal plane of the objective are employed, a condenser i1s usually
located directly behind the focal plane of the objective in front
of the recelver.

If the receiver is disposed at distance s' from the focal
plane P' of the objective (Fig. 3.23a), with its transverse dimen-
sions AB, a radiation flux will fall on its surfaces from element
As' of the image wlthin the limits of solid angle 2ug. If a con-
denser with light diameter D, is placed between the radiation source,
in this case element AA', and the receiver, the solid angle of the /69
effectively used radiation flux will be 1ncreased to value Zu. (Flg
3.22b). As a result, the irradlance of the surface of
the recelver wiil be proportlonally greater. Using expression (3.23)
without consideration of losses in the condenser, i.e., T = 0, we
obtain for the cases being considered the equations

FO:ﬂBAA Sin’ ug‘{ i
F=nBAAsin'a,

where B 1s the luminance of the element AA.

Since the irradiance 1s proportional to the relation-
ship F/A, where A, is the area of the receiver, the degree of

inten51flcat10n of irradiance with the use of-a condenser
iz determined by the relation

" E ___' sinZz |
E, s.i:'ﬂuo ': (3.58)
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A single-lens condenser
provides a sufficiently uniform
irradiance of smgll
areas of the receiver with a
size of aperture angle of 2u up
to 60.9-10-3 - 78.3-10-3 rad
(35°-45°). A symmetrical two-
lens condenser whose lens arrange-
ment is shown in Fig. 3.23b is
. ] employed more often. Such a
e ad condenser permits obtaining an

Fig. 3.23. Diagram of the path ggeggu;edan%%gougogg 104.40-
of rays: a. without condenser; . ads - .
b. with condenser.

Lens systems are usually
used in electro-optical eguip-
ment intended for operation in the visible region of the spectrum,
since, in this case, optical glass can be used for the lens material.

3.9, Mirror and Mirror-Lens Systems

Mirror and mirror lens systems are usually used in eledtro=
optical equipment.as objectives. [Theilr basic:advantages over lens
objectives with similar parameters are higher lens speed and the
absence of chromatic aberrations at the mirrors whlch are the
maln optical parts of such systems. In addition, mirror objectives
do not contain refracting parts; therefore, they are convenient
for use in the infrared or ultraviolet regions of the spectrum.

The shortcomings of mirror and mirror-lens systems which 1limit

their employment are difficulty in manufacture, especially aspherical
mirrors, increase in the construction dimensions and complication

of adjustment in comparison with lens systems, and also the neces-
sity of using protective glass for hermetic sealing in individual /70
cases.

The mirror objective (Fig. 3.24) consists of two mirrors,
primary 1 and secondary 2. The light diameter of the primary mirror
determines the relative aperture of the objJective. The secondary
mirror serves to change the convergence of a pencll of rays refracted
by the primary mirror. The rear side of the secondary mirror dia-
phragms the area of the light aperture of the primary mirror; there-
fore, the area A; of the effective aperture of the objective is
computed from the formula:

!

f

i
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where D, 1s the dlameter of the secondary mirror.

In this, the speed of the
mirror objective will equal

[

(3.59)

where T, 1s the ccefficlent which
determines the wvalue of the light
flux reflected from the surface of
the mirror; ¢ 1s the relative aper-
ture of the objectilve,.

™

The size of the focal distance
of the objective f' depends on the
d form of the mirror surfaces and the

~d distance d between the apexes of
' ' : : the mirrors. The focal length can
Fig. 3.24. Diagram of a mlrror be found graphically by extending
objective. the line of direction of a ray

which has passed through the objec-

tive to the intersection with the incident ray and constructing the
back principal plane H'. Since segment N'F' = f' and N'K' = Dy/2,
then f' = Dy/2tanu' where u' is the angle of the aperture ray with
its optical axis after the objective. If the size of the secondary
mirror is so selected that it does not cut off the aperture rays
which have passed through the primary mirror, then in the absence
of additional diaphragms, the plane of the entrance pupil coincides

with the edges of the primary mirrcor, and its diameter Dentr.pup. =

= Dj. The angle of the field of view 2W depends on the focal length
and the transverse cross section l of the field diaphragm. For
example, 1f a photomultiplier, the diameter of whose photocathode

is dpes 1s placed in the focal plane of the objective, the angle

of the field of view of the Instrument will equal

d

tanW = 5%% (3.60)

Since the primary principal plane of the objective is carried /71
out into the space of objects, the mirror -objective is similar
to a telephoto lens.

The shape of the surface and the curvature of the mirrors of
the obJective depend on the requirements for the size of the focal
length and the residual aberrations. Since the spherical mirrors
provide comparatively large values of residual aberrations, one
of the mirrors 1s often made aspherical, in which regard an attempt
is made to so calculate the parameters of the objectlve that the
aberrations of the primary and secondary mirrors compensate each
other.
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The connection between the main parameters of the mirror
Oobjective 1s established with the use of two coefficients

| (3.61)

where h) and h, are the height of incidence of the ray on the
_Primary and secondary mirrors respectively; Ry is the radius of
curvature of the mirror surface along the optical axis [22].

Geometrically, cocefficlient a determines the position of the
secondary mirror relative to the primary one, and ccoeffiecient g
the positilon of the back principal focus of the objective.

With the use of the,well-known formula for foeal length of
a spherical mirror fi = R 1/2 from (3.61) and the expression for
conjugate segments of a spherical mirror

/!

O (s-+ R ]

2 + R R(2s+ Ry

we find the equatlon for the determlnation of the radius of curva-
fure of the secondary mirror

at—1) - \ (3.62)
The focal length of the objective will egual
e SR 6
F=—hy==7=%"] (3.63)

From geometric conslderations, we find the size of the con-
jugate segments

5=

-

o |
Rl  ang §y=—mL Ry \
2a 2al

The distance between the apexes-rof the mirrers will equal

a=B (221 (3.64)
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Telemagnification of the mirror objective yqp = f'/d 1s deter-
mined from expressions (3,63) and (3.64):

___‘_Ro[ . ]5 lI-—-l__ a -
W= ()= m_”,\ (3.65)

The value of coefficient o usually lies within limits of 3-U4
with consideration of the sign for a given type of mirror objective.
With a < 3, the quality of the image worsens as a result of the
increase in the irisirg action of the ‘secondary mirror. The
inerease in o of more than 4 causes an increase in the dimensions
of the secondary mirror and its aspherical quality with a given
value of g. The coefficlent ¢ is usually within limits of 0.2-0.8.
The relations presented abouve permit calculating all basic dimen-
sional parameters of the objective. However, precilise results are
obtained only for the paraxial region and they will be approximate
for wide pencils. The values of the obtained parameters are refined
wlth conslderation of the aspherical quality of the mirrors.

Besides axially symmetric mirror systems having one axis of
symmetry which colncldes with the optical axis of the system,
extra-axial aspherical systems, for example parabolic systems,
are -beginning to find application in eléctro-optical eguipment.
Characteristic of them is the fact that the axis of symmetry, for
example of a parabolold of wevolution, 'is -lecated=ln space ncon-
parallel with the optical axis of the system. This permits in-
creasing the geometric relative aperture, changing the shape of
the fleld of view giving 1t, for example, a concentric form, and
varying the design outlines of the instrument being planned.

Mirror objectives usually have mirrors with an external
reflecting layer applied to glass, metal, or plastic bases of the
required form, which reduces losses to reflection and lowers the
requirements for the precision of manufacture of the rear side
of the base. Thin films of gold, chromium, aluminum, rhodium,
and silver are used for the refleeting coatings. The selection
of the coating depends on the band of the spectrum in whieh the
objective should operate, on the design of the objective, and on
the technology of its manufacture. The greatest reflection coef-
ficlent in the visible and near infrared reglons of the spectrum
is possessed by silver (about 96-98%); however, a polished silver
surface darkens quickly. To eliminate the influence of atmospheric
moisture, silver coats are protected by a thin layer of transparent
protective film. Coatlngs of gold, aluminum, and chromium are more /73
stable but the reflection coefficients of such layers are usually
no more than 78-85%,

To increase the reflection coefficient of the mirrors in the

effective region of the spectrum, the protective films are applied
to thelr surface in the form of two- or three-layer coatings, so
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selecting the chemical composlition and thickness of the film as to
ebfain the maximum spectral coefficient of reflection in a given
region of the spectrum, This method is especially advantageous

in obJectives intended for operation in the infrared region of

the spectrum in which additional filfters are used to cut off
visible radlation. ¥Figure 3.25 shows a curve which characterizes
the spectral coefficient of reflection of such a mirror covered
with a four-layer film.

An objective with such
mirrors in the infrared region,
beginning with 0.9-1.0 um, does
not require the employment of
an additional filter since all
radiations of the visible region

! are absorbed by the interfer-
ji ence surface film,

trel., units =

The relative apertures of

e AP Y p fast mirror objectives reach
0z b% 08 g&%r 1:1.1 - 1:0.8 with foecal
E T lengths of 150-180 mm. With
a relative aperture of 1:1.4
Fig. 3.25. Spectral coefficlient and a foecal length of about
of reflection of a mirror coated 600 mm, the mirror objective
with a special f11lm whieh absorbs permits obtaining a magnifica-

the visible region of the spectrum. tion of Hx - 7x with a field
of view of (5.22-8.7-10-2)rad
(3-5°), Wide-angle mirror
objectives with a field of view of 69.6-10~2 rad (40-50°) have
focal lengths of about 50 mm, in which regard the diameters of the
mirrors are usually: primary -- 200-220 mm and secondary -- 30-
35 . mm,

To protect the internal cavities and refleeting surfaces
from the effect of the external environment, the mirror objectives
should have protective glass. If the profective glass is flat,
then in deslgning the cbjective only the increase in light losses
by reflection and absorption 1n the glass are considered. If the
design of the instrument requires the use of spherical or aspheriecal
protective glass rather than flat glass, it is necessary to con-
gsider its influence on the dimensional and aberrational charac-
teristics of the objective. In the latter case, the objective
ceases to be purely mirror and is now a mirror-lens objective.

Mirror-lens systems are used 1f it 1s more advantageous,
from the technological and eccnomic points of view, not to use
aspherical mirrors for the correction of aberrations of a two-
mirror system but to introduce correction lenses in the objective,
one of which can simultaneously accomplish the role of a protec-
tive glass.
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Depending on the position and curvature of the mirrors, the /74
Objective may have different focal lengths. Relative apertures
of such objectives reach 1:1.2 with an effective geometry aperture
ratio up to 1:1.45. The field of v1ew of mirror objectives usually
does not exceed 17.4+10-2 - 20.88.10-2 rad (10-12°).

In Maksutov's objectives, an achromatle meniscus having a
positive  spherical aberration capable of compensating for the
negative aberration of two mirrors of the objective 1s used as
the correction lens. In this case, these mirrors can have &
Spherical form, The secondary mirror can be built up on the
central portion of the ocutermost surface of the meniscus, which
provides the required sphericity in the process of preparation.

The basic dimensional parameters are determined with the use

of a table [22], assigning the required value q and one of the
design parameters, for example Do.

3.10. Systems with Fiber Optics

Fiber optics are parts and units of optical systems consisting
of a large quantity of fine flexible fibers or threads of glass or
another optical material transparent in a given band of the spectrum.
Each fiber has a dlameter on the order of several micrometers and
is a lilght conductor over which radtation flux can be transmitted
from only one element of the plane of the image with whiech the end
of the fiber i1s matched. To transmit a group of elements or the
entire image, the fibers (sometimes numbering up to 200,000-250,000
fibers) are assembled in a flexible bunched conductor, the diameter
of whose end determines the size of the image or portlon of space
of the ‘objective which can be transmitted to the radlation receiver
or to any other portion of the optilcal system. The fibers can have
a cylindrical or conical ferm. In the latter case, with the aid
of the bunched conductor one can change the linear dimensions or
the scale of the 1lmage and also conecentrate the radiatlion flux
falling on the end of the bunched conductor on a smaller ares,
increasing its dirradiance. Dividing one of the ends
of the bunched conductor, for example the exit end, into several
parts, 1t 1is possible to include several radiation receivers in
the optical system simultaneously or to collect on one receiver
the radiation fluxes from various sections of the space of
objects. Redistributing the fibers.-along the bunched conduector
or changing the geometric form of its entrance and exit ends, one
can change the geometric parameters, improve the quality of the
image, and accomplish the coding and decoding of the transmitted
information.

The operating principle of fiber optics (Filg. 3.26) i1s based

on the use of the phenomenon of total internal reflection which
arises with the passage of a radiation flux from an optically denser/75

74



medium to a less dense

medium. The fiber (Fig.

3.27) 1is a transparent core
with a smooth surface; there-
fore, the rays which have
entered through one of the

ends emerge through the opposite
end after repeated reflections.
In this, it 1s necessary that
the angle of incidence 1 of

Fig. 3.26. Diagram of the path
of a ray in an optical fiber.

: n; My each ray on the internal sur-
P ONT face of the fiber wall be
N TR RN greater than the angle of
x| #VE # 7;,,% “ total internal reflection 1j.
Vol # " # N Using the invariant of refrac-

BTN el

tion n sini = n' sini' known
from physical optics, we assume
that the reflected ray can have
the maximum angle i' = 156.6
rad (90°), i.e., it will go
along the fiber wall; there-
fore, sini = sinig = n'/n.

L
11

|
-:

Fig., 32.27. Path of a ray in an
optical fiber with a Jacket.

If the material for the fiber is glass with a refraction
index n ~ 1.5, then accepting n' = 1 for air we obtain ig ~ 71.34
rad (41°48'). The value of the angle of incidence i = ig deter-
mines the degree of permissible bending of the fiber in the
bunched conductor and the greatest aperture angle ¢g of a pencil
of rays which passes through a fiber of the bunched conductor with
total internal reflection.

With the close packing of the fibers in the bunched conduc—
tor, optical contact arises between thelr outer surfaces in a
number of places, and a portion of the rays of the pencil which
is passing through the fiber may land in other fibers and be
scattered in the bunched conductor,

Therefore, the surface of each fiber 1s covered with a
Jacket of another optical material with a smaller refraction index.

The maximum value of angle ¢p can be found from the follow-
ing considerations. Since

3 3 r N - ’
SIN @p==sin ¢ If:sm 9’8”1-

where np-1 is the refraction index of the air, and considering
that sin¢6 = cos iy and siniy = ns-nqy, we obtain
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/18
i osin pym ni—
and finall %

finally gozarcsinVn";-—ng. [

(3.66)

Using glass of the flint type for the fiber (n_~ 1.7) and a
jacket of glass (n ~ 1.5), we obtain ¢4 ~ 92.22-10-2 rad (53°).

As a result of repeated reflections, path L of a ray in a
fiber is considerably greater than its length 1:

L=t =lsecq, }
€os g,

The number m of reflections of the ray from the internal
surface of the fibér depending on its length I and the maximum
angle of incidence of the rays on the end is determined by
the equation o

. N N o s
=—=—1g 3= —1g |arcsin| |/ ni —nz}|.
" hood T d @[ (D/ i QJ (3.67)

Thus, with 1 = 280 mm, d = 0.7, ny = 1.7 and ny, = 1.5, the
value of m 1s = 2000. The number of reflections of the rays of
the pencil from the internal surface of the fibers, even with a
not very long length, may be falrly high, Therefore, very
high demands are made on the guality of fiber surface., To increase
the resolution, an attempt 1s made to make the number of fibers in
the bunched conductor maximum; however, a reduction in the diameter
of fibers less than 2-5% um leads to the appearance of diffraction
which causes the scattering of light energy in the bunched con-
ductor.

The basic parameter which determines the effectiveness of
employment of fiber optics is the light transmisslon coefficient.
Its value depends on the degree of absorption of radiation energy
during reflection from the fiber walls, absorption and scatter in
the fiber material, losses to reflection during refraction on
the ends, and on the density of filling of the cross-sectlonal
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area of the bunched conductor with fibers. With consideration
of expressions (3.21) and (3.22), the general formula for calculat-
ing the transmission coefficient has the form

. o
T=(1—0F (1— e)" ek |

where p 1s the coefficient of reflection from one surface of the
end; pg is the coefficient of losses in reflection from the fiber
walls; a, the coefficient of absorption in the fiber per unit of
optical length; and kg 1s the coefficient of filling, considering
the effective cross-sectional area of the bunched conductor.

The values of coefficients:a and p are determined by the
optical material of the fibers. The value o, depends on the
refraction index and the quality of manufacture of the fiber and Yk
its Jjacket. The f1lling coefficilent is calculated depending on
the shape of the cross section of the bunched conductor and the
scheme for packing the fibers. Its approximate value equals
ke = (0.8-0.9)(D1/D), where D is the light diameter of the fiber
and D is the diameter of its jacket. In practice, we can con-
slder k = 0.73-0.80. For a glass fiber bunched conductor 1500 mm
long with a_cross-sectional diameter of 30 mm, with the number of
fibers 1-107 with a diameter of 2.5 um, the specific coefficient
of light transmission will equal T = 0.15(1/m). In the manufac-
ture of fibers from optically denser materials which are used,
for example, for the infrared region of the spectrum, radiation
energy losses will be even greater.

For the visible region of the spectrum, fibers are made of
optical glass of the crown grade (n = 1.55) with a jacket of flint
(n = 1,7). For the infrared region of the spectrum, the fibers
are made from special grades of glass and also from some artificial
crystaliine materials and optical plastics.

In electro-optical equipment, fiber-optics are used for the
accomplishment of the following tasks:

-- For the concentraticn of the radiation flux from different
objects (or different sections of the field of view) on one receiver
and, conversely, from one object on a number of receivers;

-- For the transmission of an image or energy of radiation
flux between those sections of the optical system of an instrument
which cannot be connected with the use of regular optical methods;

-— For the discrete or contlinuous change of the entrance and
exit pupils of an optical system;
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-- For the transformation of the geometric form of an image
without violating the principle of operation of the system and
without lowering its resolution;

-~ For the coupling on non-planar, for example, spherical

surfaces of photocathodes of photoemission radiation receivers
with the image plane of the preceding optical system, and so forth.

3.11. Optical Systems of Equipment with a Laser

One of the new and rapidly developing directions 1s systems
with lasers. They are beginning to find application as optical
locators, rangefinders, and other devices which assure the precize
determination of relative values of velocity, linear and angular )
coordinates, rendezvous or docking of ‘space ships, .altimeters for /78
determination of the distance to the earth or planets, and in
communication and signaling systems., Regardless of the purpcse,
the basic elements of -the block diagram of such systems are the
transmitter and receiver. A laser ray of a transmitter, after
reflection from an object or directly, should be received by the
receiver. To increase the operating range and raise the precision
of £he measurements, i1t 1s necessary that the aperture angle of
the laser beam of the transmitter be as small as possible. In
recelvers, it 1s necessary to assure the capture of the maximum
portion of the i1ncident flux of radiation energy and concentrate
it on the surface of the recelver's sensitive element.

Special optical systems serve for the solution of tasks on
the formation of a laser beam and its reception. They can be
divided into two basic groups: systems which serve to reduce the
divergence of the beam and systems which increase the surface
density.

In the general case, optical system L located at distance I
from end AB of the laser emitter (Fig. 3.28) converts the pencil
of rays falling on it at an angle of 2u 1lnto a converging, parallel,
or diverging pencil. In the first case, the rays of the pencil
are focused in plane P' with which the surface of the irradiated
object or radiation receiver is matched. The degree of convergence
of the entire pencll 1s determined by the value of the angle 2W',
and the idrradiange at each point of the plane- P! by the angle
angle 2u'. For optical systems of the first group, the angle 2W'
should be reduced to the minimum. For systems of the second group,
the basic task is increasing angle 2u'.

The basic relations.. which show the influence of the parameters
of an optical system on the shape of a penecil of rays and the - :
irradiance which it ereates are determined on: the -basis. of general
dimensional characteristics (see Section 3.2). Accepting that in

plane P' image A'B' of emitter end AB is created, with consideration/79
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of (3.1) and (3.3), we obtain

; ! ! %W 4 tga
ﬁl{jk‘.}g‘ \‘1}\\‘ g—1—3——=—---§-—‘,.
! ; N D tga
&

For the central portion
of the pencil tanu' =

. d
Fig. 3.28. Diagram of the influence _ _exit pup.
of an optical system L on the path B 2s' » For The out-
of laser rays. most rays, this is approxi-
mately valld under the con-
In this case,

. '
dition s' >> dexit pup. *

D? =
75t Yexit pup. Dtanu
or
_ 28'Dtanu
dexit pup. = D! (3.68)
Angle W' 1is determined from the expression
tanW' = D__’_=£_$.
2s.- 23! .
. X . . .
To obtain a diverging pencil D' > dexit pup. ? converging
pencil D' < 4 and parallel pencil D = 4 v2s'Dfanu.

exit pup.’ exit pup.

Setting the required values D', we determine the linear or angular
magnification, dimensions of the pupils, and other parameters of
the system depending on the distance to the object (receiver) and
the dimensions of the laser emitter.

Typical examples of systems of the first group are mirror
(Fig. 3.292) and lens (Fig. 3.29b) telescopic systems in which
the back focus F! of the flrst component 1 1s matched with the
front focus Fsp o% the second component 2 and the distance FlF., =
= A (optical Interval) equals zero. Therefore, in accordance with
(3.4), the focal lengths of the gystem willl equal infinity and the /80
system is afocal. If a pencll whose rays are parallel falls on T
one of the components of the system, then the beam Zeaving the.
system 1s @akso of parallel rays-w1thyd1ameter_DéXit T‘GDentr.‘
NherewDentT‘UiBfthe“d;gmeﬁer:ofrth§ incidenﬁwpenﬂi&a.“Ayréduéfa'
}%igﬁ“im‘themanglq79f.divergence:Qf.phgflagerirays is also deter- -
mined by dn.lncrease in+G- -d'f the system ahd 1is connected
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with the focal length of
its components by the rela-
tlon

tanw"janW}l ]

' =

. Usually, in telescopilc
- systems of this type magni-
- - - - fication G = 3x - 4x, which
permits reducing accordingly
the angle of divergence of
the laser beam.

Fig. 3.29. Diagrams of optilcal
systems employed to reduce the
divergence of a pencil of laser

rays: a. mirror; b. lens. The selection of one

system or another 1s deter-
mined depending on the
required parameters of the equipment., Mirror systems are more
suitable for the infrared region of the spectrum, but they iris

the central portion of the pencil. Lens systems preserve it but
increase losses of radiation energy in the glass.

Condensers are used as systems of the second group. Fast
mirror or lens objectives are used Iin -receivers.

3.12. Optical Filters

Optical filters inelectré-optiecdl.equipment serve to attenuate
or change the spectral composlition of a radilation flux to reduce
the hindering influence of backgrounds and prcovide the best con-
ditions for distinguishing the signal from the object.

In accordance with the nature of influence on the passing
radlation flux, filters are divided into neutral and selective,
Neutral or gray filters attenuate the intensity of the radiation
flux without changing its spectral compositicon. Selective filters
serve to change the spectral distribution of energy of the radia-
tion flux, segregating a specific band of its spectrum by the
absorption, reflection, or the scattering of the energy of the
remalning sections (bands) of the spectrum.:

Depending on the width of the fransmission band, selective
filters are divided into broad-band, narrow-band and monochromatic
(interference) types. The latter group of filters 1s typical of
an extremely narrow transmission band, on the order of tens of
angstroms, which is attalned by the use of the phenomenon of the
interference of monochromatlc rays on the interface of the filter
layers.

80



According to design, optical filters can be solid, powder,
liquid, and gaseous. Solid fillters are made of colored glass,
Optical crystals, or films. The material of the filter and its
thickness determine the optical properties of the filter. Powder
filters are made by the deposition of thin layers of metals, for /81
example germanium, selenium, and others, or metal oxides on bases
which are transparent in a given band of the spectrum. In a number
of cases, such filters are applied directly to the surface of the
optical parts of the equipment.

Liguid and gaseous fllters in the form of a vessel with an
absorbing substance are usually used in laboratory practice.

The basic characteristics of a filter are the general or
integral transmission coefficient, its spectral distribution, i1.e.,
the spectral or spectrophotometric characteristic of the filter, and
also 1ts geometric and design parameters. For a more detailed
evaluation of the quality of a filter, In some cases such values
as optlcal density, effective transmission coefficients, effective
width of transmission band, gradient of spectral characteristic,
and so forth are also used.

A general or integral transmission characteristic equals

-
T =E‘E =g, i
(Do ‘l
The value of the coefficient a for neutral filters depends on
the physical properties of the filter material, for example the
concentration of dye, heat losses, and scatter of radiation energy
in the filter but 1f remains constant for a given filter in the
effective band of wavelengths. For selective filters, this value
is a function of the wavelength.

The spectral transmission coefficients 1) are the ratio of
the monochromatic fluxes deA and d@g>L in the spectral section A):

s _‘\

Ti
o= —.

P‘dmh

The connectlon between the general and spectral transmission coef-
ficlents wilth consideration of the spectral distribution of the

flux &, is expressed by relaticn {(3.15). In caleculations of electro-
opticaﬁ-sysxems, to consider the ‘degree «of use, by the receiver,

of the radiation flux transmitted by the filter, instead of the
general transmission coefficlent its effective value is used:
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eff ¥§&Sgﬂ '! (3.69)

where 83 is the spectral sensitivity of the receiver.

For instruments in whileh the eye is the radiation receiver, /82
the values of spectral sensitivity of the eye V) are substituted
in place of the value S3 in formula (3.69).

Filters which are used in photographic equipment are usually
evaluated from the value of the optical density d which is expressed
by the relation

D = 1og% = logrt (3.70)

In thils, the spectral
optical density will equal

FaTa = WA accordingly
e g - —
Amar 1 | 1
I l D)\ = lOg‘-l_-?\
\‘., | T =ronst ‘
v | A more detailed analysis
' i of the properties of a filter
v can be conducted from 1ts
%, r_ }ﬁ‘g;wwm spectral characteristic by the
! + - ,, determination of such of its
o mas v

parameters as gradient. and
width of transmlssion band and
boundary and maxlimum values of
the spectral transmilssion coef-
ficient. The gradient of spec-
tral characteristic (Fig. 3.30)
~18 determined by the tangent of
the angle of slope of the initial (final) sectlon of the curve
within limits from Ag to Apgx Whilich corresponds to the largest
value of transmission coefficlent 7, .  or by the ratlo AA/iy where

Fig. 3.30. Spectral or spectro-
photometric characteristics of
an optical filter,

AX = Amax'—-AO is the width of the transmission band. The maximum

wavelength Ay 1s considered to be that at whilch the transmission

coefficient Tag = 2TAmax" The value of coefflcient a is given

depending on the purpose of the filter, for example, 0.4-0.5 for
photographic systems, 0.1-0.05 for electro-eopticai. equipment, and
S0 On.
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CHAPTER 4. RADIATION RECEIVERS /83

4.1. Purpose and Classification

Elements and devices which react to the influence of a radia-
tion flux are called radiation flux receivers or indicators.

The radiation energy whlch falis on a recelver 1s converted
to some other type of energy: electrical, thermal, energy of
chemical processes, and so forth. Depending on the character of
the physical processes which occur in the receivers during
the converslon of the energy, they are dlvided Into the following
basic groups: photoelectrie, thermal, optlcal-acoustical, photo-
chemical, luminescent, and others.

Photoelectrical and thermal radiaticn flux receivers find
widest employment in electro-optical eguipment.

Photoelectric receivers possess selective radiation absorp-
tion and, conseguently, selective sensivity teo radiation with
different wavelengths. With recelvers of this group, the magnhi-
tude of the absorbed radiatieon flux can be estimated elther from
the change in electrical conductivity of the material of the
sensitive layer or from the value of the photocurrent or photo-
emf,

The photoelectric action of radiation can be manifested in
various ways.

If electrons are emitted 1nto a vacuum from a substance
under the influence of an abscorbed radiation flux, a photoemissive
effect occurs. With a photoemissive effect, the radiation energy
absorbed by the sensitive layer is imparted to the electrons of the
substance. A portion of them cvercome the forcez within the sub-
stance which are restraining them and, leaving the substance, they
form a flux of free charges in the vacuum.

The internal excitation of the crystal lattice of the semi-
conductor material under the actilon of the absorbed radiation flux
which causes the conversion of the electrons from bound states to
free states without escaping to the outslde is called the photo-
conductive effect.

The appearance of free charges capable of moving within a
solid leads to a change in the electrical conductivity of the
material of the sensitive layer. The photocells which are based
on phctoconductivity, 1. e., on a change in electrical conductiv-
ity under the influence of an Inecident radiation flux, are called
photoresistors.

83



The phenomenon of photoeconduction arises in
systems consisting of two different contaecting substances
(metal-semiconductor, two semiconductors) and causes the initia-
tion of a photo-emf on the boundaries of the system with the
lrradiation of the contact region. This phenomenon of photo-
‘conduction«is known-as. the- barrier-~layer.-photoeffect.
The photocells which are based on the phenomenon of the formation
of a photo-emf on the boundary of two substances are called
barrier-layer cells or photocells with a barrier layer. The
photocurrent in the circuit of the barrier-layer cells arises in
the absence of an external supply voltage.

If semiconductors with different types of conductivity are
used as the contacting substances in the barrier-layer cell, then
along with the arising of the difference in potentials between
the layers with p and n conduectivity, a difference in potentials
1s formed along the p-n junction. This photo-emf is called /84
longitudinal or lateral. Photocells based on the use of a longil-
tudinal photo-emf are called photocells with a longitudinal or
lateral photoelectric effect. A longitudinal photoelectric effect
is manifested only with the uneven illumination of the sensitive
layer. In this regard, the phenomenon of a regular transverse
photoelectric effect is also observed in photocells with 2
longitudinal photoelectric effect.

Barrler-layer cells on the base of electron-hole junctions
which operate with the application of an external voltage are
called photodlodes.

Moreover, devices similar to photodiodes but possessing the
property of internal amplification of photocurrent can be
receivers of radiation flux. They are called phototriodes or
phototransistors.

Thermal receivers of radiation flux react to an increase in
the temperature of the sensitive layer and require thermal
equilibrium with each measurement. 1In this group of receivers,
the energy of the quanta of incident radiation is distributed
between all particles of the substance of the sensitive layer
uniformly.

Therefore, as a rule, they possess nonselectlive sensitivity,
i.e., they react equally to the radiation of all wavelengths,
The heating of & sgensltive layer i1s detécted :from-generation _
of a thermcelectromotive force in the thermoelements and from the
change in resistance in the bolometers and thermistors which are
part of the group of thermal recelvers.
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4.2 Basic Characteristics of Receivers

The following characteristics are used to evaluate the
technical properties and effectiveness of radiation flux receivers:

-— Spectral sensivity;

—-—= Integral sensivity;

~-— Sensivity to current and voltage (spectral and integral);
—— Utilization factor;

-— Threshold flux or detecting capability;

~- Quantum effectiveness;

~- Quantum threshold semsivity;

-~ Time constant;

-- Frequency-response curve;

-- Energy {(light) characteristic;

-— Voltage or current-voltage characteristics;
-- Temperature characteristics.

Any characteristic of sensivity 18 estimated from the wvalue
of the recelver's reaction to a monochromatic or complex radiation
flux,

If a reaction is evaluated from the change in some parameter /85
of the receiver with a change in the value of the incident flux,
integral or spectral sensivity of the receiver 1s obtained. For
example, one can use the change in relative resistance caused by
a change in the value of the incident radiation flux as such a
parameter. However, integral and spectral sensivity in such a
treatment for a practical evaluation of radiaticon flux recelvers
has not yet received wide dissemination.

In the majority of cases, integral cr spectral sensivity
is used (sensivity to current or voltage). In accordance with
these characteristics, the reaction of the receivers is evaluated
as applicable to an actual connection scheme from the magnitude
of the electrical signal (voltage or current) on the output of
the receiver which is caused by the radiation flux which has

fallien on 1t.
The spectral sensivity edquals
‘Sﬁef-— |
' (4.1)

where de-ia?the~reaction of the receiver caused by the mono-
chromatic radlation flux 4o, falling on it.

With many radiaticn flux receivers, the value of 3, changes
depending on the wavelength A and attains its greatest value at
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some speclfic wavelength A , called the
wavelength of maximum sensT%%vity (Fig.
4.1).

J(Ima:’

The concept of spectral sensitivity
is completely clear and simple, but its
measurement presents certain difficul-
iy ' ties. Therefore, instead of spectral

Amaz A pm- sensitivity use is made of relative
' ' spectral sensitivity s(i), which 1s the
Fig. 4¥.1. For the ratio of the function S; to 1ts maximum
determination of spee-~ value Sypax:
tral sensitivity of
radiation receivers.

- :sl
s(=5——- (4.2)

With the presence of several maximums with the functlon 5;,
the ordinate of the largest of them is arbitrarily taken as unity.

The relative spectral sensitivity s(A) is the spectral 86
characteristic of the receivers and is usually presented in the T
form of graphs from which one can judge the applicability of a
given recelver for operation with one or another radiation source.
However, the graphs permit evaluation only of the spectrum in
which the receiver under consideration may be used.

The integral sensitlivity of the receiver S is the measure of

its reaction to a complex radiation flux and is determined as
the relation

et (4.3)

where U is the reaction of the recelver to the complex radiation
flux ®. A fully specific connectionexists between spectral and
integral sensitivities. From formula (4.1), we have '

dU;."—-‘S;.d-CIJ-

A’i
1

whence, with consideration of the equality d®y = ¢(X)dr, we
obtain

86



dUs =S ¢ (1) di\ (4.4)

This relation permits calculating the value of the reaction
of the receiver to a monochromatic radiation flux. For a complex
radiation flux, the value of the reaction is determined by
integration of expression (4.4) for the entire spectrum

U= f dUa=}: 60\ slc-ﬂ./ 1.5y

Since on the basis of (4.2) Sy = s{X)Samax, from (4.5), we have
;U:s;_mujﬁ‘(l)s(}.)dl. l ' (4.6)
; _

0
On the other hand, since d%) = (X)dx, then ¢ = [ (1)dAX.

Substituting the found values for U and ¢ in formula (4.3),
we obtain

{#0) 8,4 ' Tgs () s an
S=-%-————-——-—=S, .Om—'.
,glﬁﬁ-)d?- argmm 5 (4.7)

The integral of the numerator of expression (4.7) is that
value of a complex flux which falls on the receiver which, with
the sensitivity of the receiver constant for the entire spectrum
and equal to its maximum value, would cause on its output such
a signal as the entire complex radiation flux which falls on 1t
causes with real spectral sensitivity. This value has received
the name of effective (for a given recelver) radiation flux and
15 designated dorpr (Fig. 4.2):

~
@

-}m;:j $0)509a .
- (4.8)
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The integral of
the denominatéor is the
entire complex flux which
falls on the radiation
recéiver.

From formula (4.7),
it can be seen that. the
integral sensitivity of a
- e |  recelver depends on the
! . Aym ]  character of the function

. o of the spectral density
Fig. 4.2, For the concept of the ef- v 1o Piux §(\) of the

feetive radiation flux for a given emitter. Consequently, the

receliver. integral sensitivity

. . depends not only on the
properties of the receiver but also on the radiation characteristics
of the object. Therefore, along with the value of infegral
sensitivity, the parameters of the emitfer from which the sensitiv-
ity was determined are indicated.

Relative unmits

In this case, the characteristics of the receivers which
are sensitive in the visible band of the spectrum are evaluated
from the influence of the luminous flux F and with recelvers which
possess sensitivity in the infrared and ultraviolet regions of the
spectrum -- from the influence of the radiation flux &. Evaluation
from the influence of fthe radidtion flux is more unlversal.

The values of integral sensltivity presented in the receiver
certificates are usually measured from the radiation of sfandard
sources:

- Source A (T = 28U48K) -- for photoemissive cells
and other receivers sensitive 1in the visible reglon of the
spectrum: ]

- Source B (T = 2500K)' and C (T = 2360K) -- for types of /88

receivers indicated above,

An ideally black body (IBB) with a temperature of 373K or
573K+ is for radiation flux receivers which are sensitive in the
long~wave reglton of the spectrum.

In the United States, the parameters of photoresistors are
measured most often from the radiation of an IBB with a temperature

of T = 500K.

The utilization factor K is the relation of the integrals
in formula (U4.7), i.e.,
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CIOHOLA
K=o — (4.9)
§¢(pd1 ,

o,

This factor shows the fraction of the complex radiation flux
which falls on a receiver which 1is comprised by the effective
flux for this receiver.

Inasmuch as the function s(A) has no analytical expression
but is given graphically, the utilization factor is computed by
numerical (graphic) integration. For this, it is necessary to
plot the functions $(A) and s{(X) on a graph 1in relative units and

the same scale, find the product ¢(A)s(X), calculate the
corresponding areas: (see-Fig. 4.2), and: thke: their ratio.

For caleculations of utilization factors by receivers of

radlation of an IBB, formula (4.9) can be simplified considerably.

Since ¢(A) = r(M)A = y(M)rpax (A)A, the followlng equality is
valld

gysmMan  [r3s@a [y sQh

[ LI—,

K= = 0 = ° - .
@) [ rayan gymﬂ ) (4.10)
0 0 ‘ :

Using the relation

fr(l)sﬁ)dI;
K=-2
gr(l)d'.\ '

|
i

-4

and considering that jr(}.)d;."——ﬂ?“. a r(>.)=y(?-)r,m(l).'i we obtaln

f . = ' : N
L @ [y sma T

j K= 5,.4 N L)

s ()= 1. 315 (3530) -

(h.11)

where
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Substituting numerical values here, we will have

=L [yt syan=0232 L (s Oya- (4.12)
0 T

; 5.7-10—12T¢
! . =

Replacing the Integral by the summatlon symbel and assigning
the integration step AA , we obtain the final formula for the
calculation of the utilization factors of the receivers from the
radiation of an IBB

K=0282.10- smzy(ns(mf (4.13)
im] |

The calculation in accordance with formula (4.13) is reduced
to the determination of the sum of the products of two functilons
with given values of A on the section of the spectrum where both
functions differ from zero and to the multiplication of the found
sum by a constant previously computed value which stands in front
of the summation symbol.

If the integral sensgitivity and utilization factor for some
emitter are known for a given recelver, the spectral sensitivity
can also be determined in absolute units. Actually, considering
(4.9) and (4.7), we have

§=8,., Kl or sama;:%,j (4.14)

i.e., the relation of the integral sensitivity of the recelver for
a given emitter to the utilization factor of the radiation of the
same emitter 1s a constant value and equals the maximum spectral
sensitivity of the receiver.

Replacing Symayx in (4.14) with its value from (4.2),
obtain the desired relation

Szm—j_—s(l). (4.15)

In some cases, 1nstead of the utilization factor, we use the
derivative characteristic from it -- the effective width of the
sensltivity zone -- for the calculations.
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The effective width of the recelver sensltivity zone 1s the
width of the spectrum band where the entire effectlive radlation
flux which falls on it would be concentrated for a given receiver
under the condition that in this interval of the spectrum the /90
function of spectral denslity 1s constant and equal to its maximum
value, i.e.

(@) s0)ar
Aleff:_b._.._____
& (2

ma:)

or, changing to relative units by division of the numerator and
denominator by é(Amax),

[g)sa
A}_effz_fl.__lﬂ__, (4.16)

The necessary graphilcal constructions are shown on Flg. 4.3;
in this regard, the shaded areas Aj and A» are equal.

Comparing the expressions
) with each other for Alxerr
yiaj=—A and K, where

10y oo
r(Amax} . hf & (1) s () dn
2 [ra T
o a s max
505 ‘ and
@ K FIOHIOLY
ot N i, [t
i R Kes—/4m—
3 e / T60)
él g j e "'i“l /A g
A pm it is not difficult to

establlish the connection
between these charactoeorlatlen
I'ig. *.3. Tor the determlinatlon of in the form
the effective width of a receilver's .

zone of sensitivity. - o
‘ ,E & (A) o . '
A =K = . (4.17)
2 S S A )
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If an IBB 1s the emitter, then formula (4.17) is transformed on
the basis of (4.10) to the type

"R aTt

P T\
1,315 {—
(1000)

A=K

whence we finally have

Al X |
ofF=4310 . (4.18)

Formulas (4.17) and (4.18) establish the rather simple connection
between the utilization factor and the effective width of the
sensitivity =zone.

The threshold flux ¢+ is the minimum radiation flux which
causes a signal on the receiver output equivalent to the level of
intrinsic noises.

Replacing in (4.3) the reaction of the receiver through the
mean square value of the noise as applicable to ¢4, we obtain

-

S
S

7

{(4.19)

whence O =

o
o
tn

The threshold flux of the receiver is measured from the
radiation of a fully specific source and, just as the integral
senslitivity, depends on the characteristics of its radiation.
Therefore, indicated in technical decuments along with the value
ot is the type of source according to whose radiation it was
measured.

In contrast to the threshold flux, which depends not cnly on
the properties of the receiver, but also on the parameters of
the emitter, a characteristic of the threshold sensitivity of
the receiver ltself 1s the monochromatic threshold flux ¢t or
the spectral distribution of threshold sensltivity. Let us _
establish the connection between ¢ and ¢)t. For this, we sub-
stitute in formula (4.19) the value S from (4.15) and obtain

Q92
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A (1)~ (4,20)

On the other hand, by analogy with (4.19) for a monochromat-
i¢c threshold flux we can wrilte

e (5.21)

Expressing v U2 from (4.20) and substituting its value in
(4.21), we obtain

O, =D
T (4.22)

From this formula, it can be seen that the monochromatic /92
threshold flux will be minimum with s(A) = 1, i.e., in maximum
spectral sensitivity

it =0 K, E (4.23)

and the.current value of the monochromatic threshold flux will be

U
|

q’it:{bl-m. .t
Erle 00

(4.24)

The threshold gensitivity of radiatlon recelvers of the same
type depends on the dimensions of the area of the sensitive
layer A. Therefore, for a more objective comparison of various
recelvers of radiation flux, 1t 1s necessary to reduce theilr
threshold fluxes to a unit area through the formulas

Ya:

‘(‘ r o 1 l\ ’ 777.4._1_‘ '
é¢lt=¢t‘—'— and q);-tvq’xtﬂ _ (4.25)

where &'y and @')¢ are the threshold fluxes of the recelvers -
reduced to a unit area of the sensitive layer.
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Besides this, as follows from (1.19) and (4.21), the threshold
fluxes of the receivers depend on the level of nolse signals at
the output of the receivers whose value, in turn, depends on the
transmission band ¢f the amplifier channels.

The threshold fluxes of recelvers, with a narrow transmission
band for the c¢ircuit, depend on the width of the transmission
band Af. Therefore, for a comparison of the threshold fluxes of
the receivers, they are reduced to a unit transmission band. With
consideration of this, the sensitivity threshold of the receiver
reduced to a unit area and unit transmission is expressed in
the form

.'t ]- .
e S v (4.26)
ti 1 .
QU YU B 4.2
-Q!.t q);t V,,{Tf -' ( 7)

These values have dimensionality (W-cm‘l-Hz“l/g) or
(lm-cm-l.Hz“1/2). Sometimes, in a comparison of radiation f%ux
receivers, it i1s more convenient to use the ‘reciprocal of @f

This characteristic was flrst introduced in the United States
and 1s called detectivity.

On the basis of (4.26) and (4.27), we obtain the expressions
for detectivity D¥:

] A37 | : s TZ_H
Df == '; Ll op pr=3VEL (4.28)
' 't T
n |
and for spectral detectivity D¥,:
T —_ . S\VAif |
« 1 VA&¥ D= - .
DA::-E)—A:— d’it or x "/U;: (}4.29) /93

From the obtained expressions, it fellows that with given
dimensicons of the sensitive layer and width of transmission band
the threshold sensitivity of the radiation flux receivers depends
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‘on the noise level. The noise of the receivers is evaluated from
thelr mean square value. The arising of noise 1s explained by
many reasons, in which regard some of them are still insuffi-
clently investigated. Common to all receivers are thermal noises,
radlation noises, and noises caused by current fluctuations.

The finite time for the course of the processes for the
transformation of radiation current by the receivers causes the
necessity to consider their inertial properties. Considering the
receiver as a linear system (this is valld with small values of
incident radiation flux), its inertial properties can be
characterized by the pulse sensitivity, frequency response,
and time constant.

By pulse sensitivity S,(t), we mean the ratio of the pulse
reaction of the receiver UC%) to the value of radiation energy W
of the input pulse

- w

- R AORE
Sel= - (4.30)

With the influence of a pulse with a power of ®(t) on a
recelver, the value of the energy in 1t 1s determined as

W Tlcﬁ(z)m,l (4.31)

in which regard, the Fourier transform .for the power of flux
®(t) has the form

E(f)= [ 0@ e,
5{ ) —'L ()f— [ (4.32)

If all the energy reaches the receiver instantaneously, then
§(t) can be introduced -- a function which connects the power
with the energy: ¢(t) = WS(t).

With the noninstantaneous arrival of a radiation flux at the

receiver, we find its reaction with the use of the integral of
convolution
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Up= T s,006—ar. (4.33)

! ] i

In this case, we will have in mind that S,(t) = 0, when t ; 0.

If a radiation flux which falls on a recelver changes in /94
accordance with & sine law, it can be presented-in the’ '

form of a complex function O (f}=0,e*" where f; is the modulation
frequency of the radiation flux. Substitutlng this value in the
expression for U(t), we obtain

-]

U= 5' Sp (1) Dyeifutt—) gv = @ o2 =ilst f t)e— il gy, i (4.34)
e S .
Designating the 1lntegral ‘ggﬁfkrhﬂnzmsng‘ , we rewrite

expression (4.34) in the fogg ~
U ()= 04-5(jf,) (%.35)

Thus, with a sinusoidal change in the radlation flux, the
signal at the output of the receiver alsoc changes in accordance
with a sine law, but thanks to the multiplier S(Jfl)
this change tor a given frequency will have the corresponding
amplitude and another phase. Since the integral sensitivity of
the receiver is determined as the ratio of the reaction to the
value of the incident radiation flux, with a sinusoidal change
in the flux and the transition to absolute values, from expression
(4.35) it follows that S{(Jjfy) 1is the integral sensitivity of the
receiver at a given frequency 4 for the modulation of the
radiation flux. The dependence of the integral sensitivity on
frequency is the frequency response of .the receiver . (Fig.
b.ouy.

On the basis of the frequency response, with the usé of
the Fourier transform, we can obtaln the relation of the pulse
sensitivity _ - -
Sp00= { Strderaf.

; o J (4.36)
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Using the Fourier transform, we present the value of the
pulse of radiation flux in the form

‘D(t)=_j:°¢(ff)é2*’f‘df ’ (4.37)

and, substifuting the obtalned expression in (4.33), we find

U= f s,004< | {o(semm—gy= - 7

~
N

(4.36)

j (1f)emrdf | Sp(r)e-ﬁ-mdr~ § O (jf)S(if)e-irdx. l;‘

==

Inasmuch as the reaction of the receiver

SO ‘as a function of time U(t) is connected with
189 the reactlion of the receiver .as a -function of
! frequency U(JF) by .the Fourier.transform

51 U(t) = jlf(jf)ez“ff‘df/, on-the basis of (4.38)
B . . we can write that

R 132 we

Fi 4. 4, TPre- T ‘
ngncy response UGN=2Unsun-. (4.39)

of a receiver

Thus, on the basis of (4.39), the spectrum
of the reaction on the output of the receiver is determined by
the frequency spectrum of the signal on the input and the
frequency response of the radiation flux recelver.

The time constant t of the receilver 1s determined by the
time interval during which the signal at the output of the
recelver reaches a specific amount of the established wvalue
with constancy of the amount of incident radlation flux. The
time constant can be calculated from the transient function of the
recelver which is the relation of the reaction to the unit flux
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®1. We find the reaction of the receiver to the influence of the
unit flux ¢7 with the use of the integral of convolution

f t
V=] o) % de=0, | H(ar (4.10)
Then, the translent function of the receiver will be

; @

Sp(z‘sz= SSP(r)dt,j

whence
S50 |
==z ] (4.41)

With the irradiation of the photoresistors by sgquare:pulses of
radiation.fluxy in .many-:cases thelr reaction-changes:according
to the law s

U=Uy(1—-em)) (4.42)

where U0 is the established value of the reaction (signal at the
output).

The energy {(light) characteristic S = (&) expresses the
dependence of integral or spectral sensitivity of the recelver
on the magnitude of the radiation flux which falls on it. /96
Sometimes, the energy characteristic is the dependence of
the voltage or current at the receiver output on the magnitude of
the incident radiation flux.

The energy characteristics are linear with small values of
incident flux. With an increase 1n 1necident flux, the linearity
1s destroyed. With an increase in the flux which falls on the
sensitive layer, the sensitivity of the receiver 1s reduced.
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Therefore, with sufficlently large values of radiation flux
directed at the receiver, changes in its sensitivity should be
considered utilizing the energy characteristic.

The current-voltage characteristics —- I = £(U) and Ip = ¢(U) --
determine the electrical properties of the radiation flux receivers.
The linearity of the current-voltage characteristdcs can be destroyed
in the regicn of voltages which are high for a given receiver.

This is manifested especially clearly with gas-filled photocells.
In addition, extremely important dependences are the voltage
characteristics. They reflect the connection betweéen the sensi-.
tivity of the receiver and the magnitude of the supply voltage.

S={(U); Up=¢(U)’ ana @p=w(U)..

Inasmuch as both the inftegral sensitivity and the noise increase
with an increase in supply voltage, to assume optimum conditions
for the operation of the receiver, the value of the supply
voltage should be specially selected in the circuit.

In order to exclude the dependence of sensitivity on the
value of the supply voltage In calculatiens, use.ls.made 7
of the corcept of specific sensitivity,. relating it to a voltage

equal to 1 V:

Sep=" _L_ |
@ Usup| (4.43)

Then the sensitivity with an operating supply voltage U,
wlll be

S=SpUo: (4. 44)

Besides the designated characteristics, in the selectlon of
a radiation flux receiver 1t 1s necessary to consider the
dependence of its parameters on temperature for use in the circuit
of a specific instrument. These dependences are presented 1n the
form of temperature characteristics whilch indicate how the param-
eters of the receiver change (sensitivity, threshold flux, noise,
resistance) with a change in the temperature of the sensitive
layer.
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4.3, Photocells and Photomultipliers

In this group of photocells, photoemissivity is used
in which the radiation flux whlch falls on the. : -
surface of the material causes the emission of electrons which
have received the name of photoelectrons. They are absorbed by
by the external electrical field created by the applied voltage.
The role of the cathode is played by the photosensitive layer,
called the photocathode. The second electrode is the anode. A
least radiation frequency exists for each material

o= (4.45)

at which emission of photcelectrons still arises. This
frequency or the wavelength corresponding to it

l—i—]'242

¥o kL

i (4.46)

is called the "threshold," which characterizes the long-wave limit

of the sensitivity of the material,

Photocathodes of contemporary photocells have a composite
structure. A monomolecular layer of atoms of electropositive
metal, which reduces the operation of the output, is applied ‘to
the surface of the basiec metal. In this, an intermediate semi—
conductor layer is usually created between the basi¢ metal
(backing)} and the surface layer of adsorbed atoms.

Composite photocathodes [36, U8, 51], in contrast to pure
metal ones, possess high sensitivity in the visible and ultra-

/97

violet and infrared regions of the spectrum close to it (Table 4).

sSuch photocathodes have a film of several hundreds or even

thousands of atomic layers applied to a metal or insulating base.

Antimony-cesium and silver-oxygen-cesium photocathodes have
received wide popularity in practice. The atoms of the alkalilne
metal (cesium) which are part of the composition of the photo-
cathode are contained both inside the semiconductor layer in
chemically bound and adsorbed states and on its outer surface.
The basic photoelectrile properties of the cathode are determined
by the structure of the intermediate layer.
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TABLE 4.1

B ”Sﬁbstance - T bgs J I g, um
. Nickel ; 5.01-1,6.10-19 | 0.246 .
~ Silver _ 4541,6.0- | o200 |
' - Potassium : 2.25-1,6-10—12 . 0,550
J - LT
Cesium - i - 1.46-1,6-10-15— | __ - 0,660
, . . -4 1.37-1,6-10—18 R
. Oxidized silver with an. | 0.9.1,6-10-19— | - |.50=1.35
: admixture of cesium 0.7-1,6-10—1 :
Oxidized antimony with-an|1,27-1,6.10-19— 0.75--0.70
admixture of cesium 1,22.1,6-10=19

Fig. 4.5 shows a dlagram of the structure of a silver-oxygen-
cesium photocathode. Appplied to the silver backing is an
intermediate layer consisting of ceslum oxide, reducing finely
dispersed particles of silver, and internal adsorbed cesium atoms.
The structure of thls photocathode can be expressed symbdlically
by the formula

[Ag]-Cs50, Cs, Ag-Cs.

Silver-oxygen-cesium photocathodes
are most often used in work in the
near infrared and visible regions of
the spectrum. Antimony-cesium photo-
cathodes are used in instruments
which operate in the visible region
of the spectrum [38].

In addition, the following

Fig. 4.5. Structure of a  types of photocathodes find employ-
silver-oxygen-cesium ment in various types of photocells:
photocathode. antimony-sodium, antimony-potassium,

antimony-lithium, bismuth-cesium,

antimony-potassium-sodium (multi-
alkaline), antimony-potassium-cesium {(multialkaline), copper-
sulfur -~ cesium, and others. Depending on the thickness of the
layer, the backings of the photocathodes are divided into solid
and semitransparent. With the latter, the thickness of the
backing layer is reduced practically to zero and the photocathode
operates on transillumination.
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We note that the increase in the sensitivity of the phofto-
cathodes by means of a reduction in the operation of the output
causes a sudden increase in the thermionic and cold {autocelectronic)
emissions when, under the influence of the amblent temperature and
the intensity of the field, an electron current arises at the
surface of the photocathode in the absence of an incident flux..

A modern photcemissive cell is a glass envelope out of which
the air nas been pumped. The photocathode 1s deposited on cne
of the walls of the envelope. ' The role of the anode is accomp-
lished by a metal plate or ring located in the center of the
envelope.

A supply voltage 1s applied between the photocathode and the
anode. With the inecidence of radiation flux on the photocathode,
photoelectrons are knocked out of i1t. Under the influence of
the applied volftage, they flow to the anode and cause the
appearance of a signal across the load resistance. The amount of
supply voltage depends on the design of the photocell, and can
reach 300-400 V.

Depending on their purpose, photocathodes are made from
various materials which also determine the region of spectral /99
sensitivity of the photocells. In this regard, the short-wave
1limit of sensitivity is determined by the transparency of the
envelope material and the long-wave 1imit by the work function
of the photocathode. The characteristics of the relative spectral
sensitivity of various photocathodes are presented on Figs. L4.6-
4.8 [20].

$(2) T ’ Even in the
g} s absence of the ilrradia-
tion of the sensitive
laver, a dark current
made up of the current
of thermoemisgsicn of
the cathode and the
leakage current between
the electrodes flows in
: the circult of the
\ ’ 7 photocell. The wvalues
N of the densities of
\\\ N the thermcocurrents for
.E?A;wn various types of photo-
' , cathodes are presented
in Table 4.2 [49].

Fig. 4.6. Graph of the relative spec-
tral sensitivity of photocells with

photocathodes: 52 53
85 36
59 S12
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TABLE 4.2

Photo- Sllver- Antimony— Multi-~ Sb—Na. K and
cathode gien— . rcesium ' alkalinel ‘g7 G
enSltV of | 10-n_10-18 | 10~10—10-15 [o-t5—10-16] 10-16

; &rrenu - ‘ .

_ The total leakage
Ny T ' current depends on the
’ / - amount of area of the photo-
cathode. It can be reduced
by a reduction in the area
and the cooling of the
photocathode,

The value of the
second, more significant
compenent of the dark
current (leakage current)
between the electrodes
_ e . depends on the resistance
L 62 347 O« 45 35 37 0% 0F M U Aum of the insulation of the

’ - T material of the enveldpe .and
Fig. 477. Graph of the relative base. With the presence
spectral sensitivity of photcells of a base, the total
with photocathodes: leakage current for the

S1 37 base agd glass of the envelope

g11 is 10=9-10-7 A. 'This

compenent can be reduced

either by increasing the
distance between the cathode and the anode or by introducing a
protective ring [3§8].

Usually, a reduction in the influence of dark current is /10T
also attained by the modulation of the radiation flux and the ’
use of alternating current amplifiers. However, its influence
cannot be completely excluded since, 1n working with small cur-
rents, 1t determines several types of noise and, consequently,
the threshold sensitivity of the photocells.

External and internal noises are distinguished. The reasons
for external noises may be inductions from ékxtraneous fields,
vibrational noises, and so forth. They can be reduced to the
minimum. External noises which cannot be eliminated include
radliation noise whiech arises due to fluctuations in the radiation
which falls on the receiver. For a radiating body with area A
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having a blackness co-
efficient e, fluctuations
in the power of radiation
are determined from the
formula

ADL=8AT%Az5 f =BRTOAS () 47)

where K 1s the Boltzmann
constant; Af is the wildth
of the frequency band.

Fig. 4.8. Graph of Pelative spectral

sensitivity of photocells with photo- We find the noises at

cathodes: the output of the receiver
sy 8. caused by the radiation
513 315 noises of the emitter

from the expression
V &,=sV o2 =S V8iTOaf.| (4.48)

The internal noises of the photocells are basically non-
removable. Their origin is explained by the corpuscular nature
of light and electricity. The internal noises of the photocell
itself are the noises of the shot effect and the secintiliation
noise.

Inasmuch as an electric current is an electron flux, i.e.,
a flow of discrete particles, and the value of the current is
determined by the number of these particles, by virtue of the
fluctuations in fhe number of particles with time the nolse of the
shot effect arises. The mean square value of the current of the
shot effect 1s found from statistical considerations and is
calculated from the Schottky formula

VE—Viay, (4. 49)

where e is the electron charge; ig = i + 1ip, is the total current
of the photocathode; ire is the constant component of the photo-
current; igq is the dark current.

The scintillation nolse (flicker effect) 1s caused by the

fluctuations in photocurrent due to the inconstancy of sensitivity
with time. This inconstancy of sensitivity is called the random
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changes in the emission of the photocathode. The processes which
cause a change in emisslion proceed slowly. Therefore, the scin- /102
tillation noise 1s manifested only in the region of low frequency
where it can exceed the level of the shot noise by approximately

an order of magnitude. This noise drops with an increase in
frequency. The equation for the scintillation noises has the form

_\i;c-_—Qei(lT SN (4.50)
A cf ‘
pCse

where B 1s a constant which characterizes the nature of the
photocathode; Apc is the area of the photocathode; fge is the
frequency.

Along with the intrinsic noises of the receiver, noises
arrive at the input of the amplifier which are caused by fluctua-
tions in the volume density of the current carrier in the material
of the load (input) impedence and the shot effect of the anode
current.

The noise of the input impedence of the amplifier is the
thermal nolse connected with the thermal motion of the current
carrler in the materlal of the substance. The mean square value
of the thermal nclse caused by the chaotic motion of the electrons
in the conductor can be calculated from Nyquist's well-known
formula:

: 7 s
V=V arr :
M ]/ }[R(f)dfj (4.51)

I

where R(f) is the function which describes the dependence of the
conductor's resistance on the frequency.

With R not dependent on frequency
"V (P=VITRAf | or V?d:":]/ﬂ@f) (4.52)
ik

The noises of the shot effect of the anode current of an
electron tube (primarily tubes of the first stage of an amplifier)
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are similar to the nolise of the shot effect of the photocathode.
In practice, this noise component is not great and 1is considered
by the introduction. into the calculation of an eguivalent
reslstance Req in the grid circult of the tube which creates a
noise equal to the shot nolse of the tube. Then the total noise
intreduced by the amplifier will be

—_ 4KTAT

U2 = UKkT(R + Req)Af or i2 = . 4,

The total mean square value of the noise acting on the output
of the amplifier i1s expressed through components independent of
each other by the formula

VE VB T+aigT, - (4.5

With the detection of small radiation fluxes modulated at a /103
comparatively high frequency, components 102 and Aisc2 can be
disregarded. Then

VE=yETE L/YQHWL4kT 1 ;Jﬁf}

Rioad ™

or, approximately considering that Req << Rilead

zl_/( °+%oad>ﬂf 'l (4.55)

In this formula, the first term of the sum under the radical
characterizes the intrinsic¢ noise of the photocell, and the second
characterizes the noise introduced by the amplifier,

In accordance with the definition, the luminous threshold
flux of the photoelement can be calculated by the formula
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Vi (k.56

k=g

where S%* 1s the luminous integral sensitivity of the photocell
measured in A/1lm.

Here substituting the value v iZp, from (4.55), we find

T } |
J]:“:_: l/(?e:o;u - L‘sf'l (4.57)

If the constant component of the photocurrent is small in
comparison with the dark current, which %s valid with the
operatlion of the photocell with lumlinous fluxes close to the
threshold flux, then

Y
R1oad; o (4.58)

With the use of a sufficiently large value of locad resistance
Ryigads the second term of the radicand becomes small in comparison
with the first:

2KkT
Rjoad

L. 2T
<< eir .. =5 << Ricadir. (4.59)

UT
At room temperature‘:—?=oﬂ° V. Thus, if the measured photo-

current creates a voltage drop which considerably exceeds 0.05 V
across load resistance Rjgags the noise of the amplifier in
comparison with the shot noise of the photocell can be disregarded.

Then, the threshold flux of the photocell will be /105
V' 2ei Af
F =—‘—"§,— %
R (4.60)
-8

Condition (4.60) is satisfied if 14 = 107° A& and Rypaq = 108 ohms.
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Selecting load resistance Rygad, one should consider the 1imi-
tations imposed on the upper frequency limit of the input capaci-
tance Cjp of the amplifler. This frequency depends on the value
of the product R1padClin and 1s determined from the expression

1
= RioaaCin2n (4.61)

£

with Rygad = 108 ohms and Cin = 30 pf £, = 50 Hz. Such frequency
modulation of a radiation flux may prove to be insufficient.

Then, depending on the value of Rjload, the threshold flux is
calculated elther from formula (4.58), where both nolse components
~are comparable with each other, or from the formula

Ft=ﬁ———1 *T,l_é_agﬂf'_ (h.62)

2kT

for the case of 1gRjocazd <<

The basic characteristics of the photocells are measured
from thelr response to a luminous flux: of a standard source"A
with T ='2848K, Therefore, in reference books, their integral
sensitivity 1is given in A/lm, and threshold flux in lm.. The
characteristics of several standard vacuum photocells are pre-
sented in Table 4.3.

From the table, it can be seen that the greatest integral
sensitivity is possessed by antimony-cesium photocathodes;
however, they operate in a comparatively narrow band of the
spectrum [38]. With the expansion of this band, as occurs with
composite photocathodes, their integral sensitivity decreases.

Sometimes, to ralse the Integral sensitivity of the photo-
cells, recourse 1s had to the amplification of the primary photo-
current. At present, two general methods exist for increasing
the sensilitivity of the photocell within the instrument. In the
first of them, this is attained with the aid of the ionization
of an inert gas with which the envelope of the photocell isd' filled
(gas-fllled photocells), and in the second, through the use of
the phenomenon of secondary electron emission (photomultipliers).

In gas-filled photocells, the photoelectrons which have been

knocked out of the photocathode, on collision with neutral gas
particles, cause thelr lonization. As a result, an increasing
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TABLE 4.3

Band of Integral sensitivity
Region |possible : - pA/1m Number
of spec-posi- Cpera- of spec-
Photo~ Photo- |[tral tions of |ting Dark tral
cell cathode |sensl- maximum |vol- ini- current Jcharac-
tivity |spectral (tage, | mum Nominal {Maximum teristic
sensitivd V
.............. ity, wm
STsV-4 §h—Cs }0.40-0,60 | 0.154.0.05 300 80 |with {5278 1-10~7 82
STsV-51 | Sh—Cs | 0140--0,60 . 0.454.0.05 300 80 Jwith™ U,EE"”” 140 08 59 .
. . j ] = |
F-l Sb—Cs [0,215-0,60 | 0.3840.05'| 100—300 70 |with U=I00B g4 Vith f-80B) 8,
F.2 Sb—Cs | 0.30—-0,60 | 0.3940.05 | 100—300 15 (with U=l008] " 4 1-10-4 S
- 1 -
F.3 Bi—Ag—Cs| 0,32—0,75. | 0,50£0.05 | 50--100 o [ith- U;"’“B 115 Wlth,%ﬁ?”“ 87’
F-5 —O—Cs'| 0.6 N 0,62 Mith {7=100B with ¢/--308 :
Ag—~0—Cx'| 0,60—1.10 | 0.80+0,10 | 100—300 (00124) 0.77 (0sy | 14 0.4 Pt BN
!
'F-6 Bi—-Ag—Cs| 0,32-0.75" | 0.5040.10 | 100—300 a0 pith U=I00B g, withe U=305""g7
~ F8 Sh--Cs | 0,40—0.60 | 0.453.0,05 300 — ﬂit'lh'" U 1508 1104 ’ Sy
[y H I— ——— I ‘ . ’ y : - ¥ I :
Ty SR~ | 0.30-0.85 | 0.43.£0.05 100 — o _ Wlﬂ},l’él_,g‘"j Si
?5974 Ag—0—Ca{ 0,60—1,10 | 0.8040,10 240 - 100 U0 400 1.10-1 I 51
—— - ) . o _
— —_—




cascade of electrons will move from the cathode to the anode and, /106
in the reverse direction, a flux of positive ions. This causes

an increase in the current in the circuit of the photocell and a
ralsing of 1ts integral sensitivity.

A natural advantage of gas-filled photocells in comparison
with” vacuum photocells is their large integral sensitivity.

The shortcomings of these photocells inelude their greater
inertness, the absence of a saturation current [38], and the
dependence of their parameters on the fluctuations of the applied
voltage caused by this, and also the possibility of the appearance
of nonlinear distortions with the modulation of the incident
radiation flux. The characteristics of one of the models of gas-
filled photocells are presented in Table 4.3. ]

The other method of. increasing sensitivity ----the use of ;
secondary electron emission —— moreover permits reducing the
effect of thermal noises in the load resistors. This method is
realized in the photomultipliers.

, In a photomultiplier, the
| . : electrons emitted by a photo-

1 ' cathode go under the influence
of an electrical field not to
the main but to intermediate
anodes (emitters) between which
an accelerating field is created
(Fig. 4.9). The ratio of the
number of electrons emitted by
. ] . the emitter np to the number of
Fig. 4.9. Operating principle  gjectrons which fall on it mp
of a photomultiplier. is called the coefficient of

secondary emission

The values of the coeffflclent me for several materials are
given in Table 4.4,

In accordance with the number of ampliflication stages, which
correspond to the number of emltters "single-stage and multi-
stage '~ (fhotomultipliers) (PM) are distinguilshed.

Emitters with 10-14 stages which'are employed in contemporary
photomultipliers assure a current apmlificatlon which reaches -
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106-108. In the first approximation, the amplification coefficlent
of a PM is determined as M = m@}, where n is the number of stages.

TABLE 4.4
Ma\t.eria'l ( NI Cu,0 Cu—Re Ag—ﬁa Cu—Al Sh—Cs Mgo s BeO
me. '1.27 | nie—12s 2.6 2.6 |, 6.8 5.9 3.8—3.9 | 3,943
Electron_ i 500-10-7 | 500.10—7 [200.1.6:10-19200. 1,6 10~18/900.1.6. 10~191200. 1.6 10~19]100- 1.6~ 10~191100- j
energy T ] _ ) X P lfﬁ 10 1200 1.6:10~19(100. 1,6- 10 lmn 1.6 1019

The threshold sensitivity of a photomultiplier 1s higher than
that of photocells and 1s limited by dark currents and noises.

In photomultipliers, Just as in a photocell, with the supply
of the power supply voltage and the absence of illumination, a
dark current flows 1n the anode circult. It is the sum of the
following components:

- The current of thermo-ionic . emlssion of the photocathode /107
and the first emitter amplified by the multiplier system;

- Autoelectronic emlssion of the electrodes;

- Feedback currents (optical and ionile).

The values of the thermocurrents &f photocathodes are pre-

_sented in Table U4.2.

If Wg cogsider that the amplification ceoefficient of a PM
equals 10°-10°, the dark current in the anode circuit of a PM with
different photocathodes can reach rather large values (up to 1 pA).

Leakage currents in PM are caused by the conductivity of flilms
of excess metal which condense - on the glass of the envelope and
the iInterelectrode insulators and alsc by films of contamlnation
and molsture on the external surface of the envelope. Reductions in
leakage currents are achieved by fastening the ancde on special
glass lnsulators separately from the emitters.

The raising of the stage voltages causes an autoelectronie
emission at points of the closest. approcach-of dlectrodes.
This emlssicon is often accompanied by the ionlzation of cesium
vapors {(discharge) and the appearance of scintillations. With
large power supply voltages, such discharge scintillations cause
gudden surges of anode current and the unstable operation of the
photomultipliier. Autoelectronic emission can be avoided by the
selection of the power supply voltage.
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Photons appear with the discharges and luminescence within
the PM. If they fall on the photocathode, optical feedback arises,
Simultaneously with the luminescence, positive 1lons appear which
fall on the photocathode. They cause ionlc feedback. Both feed-
backs lead to a sharp increase in the anode current.

The excluslcon of the last component can be attalned; however,
the first two remain. The dark current which they cause and its
fluctuations are one of the factors which determine the threshold
sensitivity of the PM. As other factors, we can polnt to external
and internal noises, similar to the noises of the phofocells. As
applicable to the PM, the baslc types of nolse are shot current /108
and thermal noises of the load resistors. The remalining compo-
nents can be dlsregarded under actual conditions.

Since in photomultipliers the current of the shot effect of
the photocathode 1s amplified in each stage on a level wlth useful
signals, with consideration of the shot current of the first
emlitter at the output of the flrst stage, we wlll have

EI:'(F;"m_IQ)”-;-EeiIAf,} (4.63a)

where is = 2eiAf 1s the current of the shot effeect of the photo-
cathode; mie 1s the amplification current of the first stage of
the PM; 2el1Af 1s the current of the shot effect of the first
emitter; 17 = imje is the current of the first emitter; 1 is the
current of the photocathode.

Expanding the first component in (4.63a), we find the current
of the shot effect at the output of the first stage

J_g= é-E‘iAfmrfe"!.‘ 2eim,, ﬁf=?g ) mle.(_,1 + mle) :

(4.63b)

It can be shown that the shot current at the output of the second
stage will be _

12 =Emugnsg(1+ Magt mmsd,

and at the output of the n-th stage
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If we consider that mjg = Mpg = ... = Mpe = Me and mg = M,
then for the calculation. 2f the mean square shot current at the
output of the n-th stage, we obtain the expression

- mﬂ+1_1r
13 =2eiAfM —Sr.: (b.oh)
S m —1 E
Inasmuch as m2 t 1 > 1, expression (4.64) is transformed to
e
the type
Ti=Oelaf M2 —T |
s e (1.65)

In the ideal case, where the shot effect on the emltters is
absent, there is no multiplier mg/mg - 1 1n (4.65). Under actual
conditions, the shot effeet of the emitters has an influence on
the value of the shot current of the multiplier and is considered /109
by the factor (1 + B) = me/(me - 1), and then

E:Qei-_\.sz(l—l—B). (4.66)

In photomultipliers with electrostatie focusing, the value of
the factor (1 + B) fluctuates within limits eof 1.5-3 and is taken
as equal to 2.5.

The <thermal noise on the load resistance of the PM is
calculated from formula (4.52).

Then the mean square value of the total current on the ampli-
fier imput will be

| E=Tid-Tom2eia fM2 (1 B) 4T f R g (4.67)
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In this formula, Just as in (4.55), the first component
characterizes the intrinsic noises of the photomultiplier:iand the

second, the noise iIntroduced by the amplifiler.

By analogy with (4.65), the luminous threshold flux of the
PM 1s determined by the expression

. Ft= S

]
= =Rl

. (4.68)

where “lM is the integral sensltivity of the photomultiplier
measureg in A/1m.

Substituting in this formula.’ the value EE from (4.67), we
obtain

F¥:=1f_[wAfAﬂ(l——B}+2kTAfR1 ndji

£ : SPgM (4.69)

It can be shown that in actual circuits, for the majority
of the photomultipliers, the second component of the radicand is
sufficiently &mall 1n comparison with the first, i.e., the
condition is satisfiled

GHT oy
.Rlo?a?iEiM (1 '_B)/ (4.70)
or

2K << Rypqqil(1 +B).

Actually, if 1 = 10-10 4 and M = 105-106, the indicated con-
dition 1s satisfled wlth Rjggd' > 10 £102 ohms.

Disregarding the second component (thermal nolses) from (4.69),
we have the expression for the threshold flux of the PM

VQezAfM?(l -i-B)
SBu (4.71)

Fy=
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It is completely obvious that the detection and measurement /110
of small fluxes commensurate with the threshold values 1s limited
by the dark current in comparison with which the constant com-
ponent of the photocurrent can be disregarded, then

_ VIZagir(d L Byaf
S a— (4.72)
PM A

The obtained formula i1s basic for the calculation of threshold
sensitivity (threshold flux) of the photomultipliers.

The values of the anode dark current are presented 1n reference
books and certificates for photomultipliers, and formula (4.72)
includes the dark current of a photocathode, which are inter-
connected by the relations

Ig = igM or ig = E%ﬂ . (4.73)

Similarly connected are the integral sensitivities of the
photocathode and the entire PM

St = SEM. | (4. 7Y

With consideration of (4.73) and (4.74), from (4.72) for the
calculation of the value of the threshold flux,of a photomultiplier,
we obtain the relations with transmission band Af:

2!e(11—B)Af /_algsf .
F = -?gﬁLy“" (4.75)
l/ Spgm S pc ]'/~SMs'pc
and with a unit transmission band (Af = 1 Hz)

F(“;'/ 213 (1 + B) =]/ Sl ,
| ] gﬂ"%c S Spe (8,76}
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P

- For example, for the FEU-3] photomultiplier. for which
S = 20 YyA/Im,

) _
Spy = 10 A/1m, Ig = 5.10-7 4,

we obtain,

5. 10—1.1 R.10—1? -
"E‘f"=]/ 55 11%.201‘.12_1‘? ~4,5-10-1111m- Hz 172
|

When the modulated luminous flux 1s discovered agailnst the
background of a constant flux F,onst (1llumination of the photo-
multiplier) which creates a noticeable constant component of the
photocurrent Ips, the threshold value of the modulated luminous
flux can be calculated froem the formula

‘j Fé= 1/2 ('{d‘r Ifc)e(l +B)Ar -l/ (‘&TS%M Fc:onstﬁ‘e!_\f/}

By Ske SPM Spe "/ (4.77)

If we express the luminous flux of the constant illumination /111
Feoonst Py the value of the threshold flux of the PM in accordance
with the standard emltter ¥y :

Feonst = bFg.t»

where b is the coefficlent for the reduction of the luminous flux
to the flux of a standard source, then after several transforma-
tions from (4.77), we obtain the expression

IOV o
M Ba

= |
s s’ff .
c _ %M.v “‘, (14.78)
=gty - I+ I—Id‘_ y
‘ f

which permits calculating the threshold flux of the photomultiplier
on the detection of a modulated or pulsed signal agalnst the
background of permanent illuminations.
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The characteristics of several models of standard photomulti-
pliers produced by Soviet industry are presented in Table 8 of
the appendix.

4.4, Photoresistors

Semiconductor instruments whose action is based on the
phenomenon of photoconductivity (change in electrical: conductivity
with their excitation by a radiation flux) are called photo-
resistors.

The electrical conductivity of semiconductors depends on the
number of free electrons and holes formed in the basic.zene as a
result of the passage of electrons into the zone of conductivity.
Such passages are caused both by the absorption of quanta of
radiation energy which 1s accompanied by the appearance of photo-
conductivity and due to the chaotic thermal motion of the electrons
which causes dark conductivity.

Photoconductivity may arise only under the condition where the
energy of the radiation quantum hv is sufficlient for an electron
to overcome the forbidden band

hv 2 AW, (4.79)

where AW is the width of the forbidden band in J.

From this relation, it follows that the long-wave limit of
sensitivity which corresponds to the least frequency vg = AW/h
for photoconducticn lies in the longer-wave portion . E
of the spectrum than for photoemission .sinc¢ce, for the accomp-~
lishment of” the latter, it i5 nécessary for the electron to im--
part additicnal energy tc overcome the pcetential barrier. Among
the semiconductors, there are . -. materials whose photocon- /112
ductivity begins with extremely small guantum energies (radia-
tion with wavelengths of a few dozen um).

e

Data on the width of the forblidden band and the long-wave
limit of sensitivity of several semiconductors are presented in
Table ’4.5-

Semiconductor materials are used for the making of sensitive

layers of photoresistors in the form of polycrystals, pure single
crystals, or sdngle crystals with additions of alloying admixtures.
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TABLE 4.5

{ * -
| Sef;;‘é:;‘izit“ Se PbS PbSe EbTe
ey - :
¢ Width of for—| ;s lo4.16.10-9 | 0.25x 0.34%
i thdﬁn band | |w) . 6.10-19 ¥1.6.10—18 | %1.6-10—19
, . .
Long-wave lim- 0.8 3.1 5.0 3.65
it of sensi- 3
tivity &g, um
Continuation
Semiconductor- ‘
) material - IoAs InSh Ge Ge—Au
| 4 : -
Width of forbid- ! '
' den band, AW, J i0.3-16-10-1% 0,26x J0.7x 0.15x
. AX1,6-10-19 {3¢1,6-10-19 11 .6- 1019
? Long-wave limit 4.1 7.8 s - 8.2
I -of sensitivity ™,
Ag, um -

The design of a photoresistor 1s
presented in Fig. 4.10. To protect the
photoresistor from the external 1nfluences,
the inlet to the housing 1is covered by
a protectlive wlindow of a materlal which
1s transparent in the required band of
the spectrum. Sometlimes, the role of
the protective plates is fulfilled by
\ SRR special filters. The diagram of the
\ 1 : photoresistor presented on Filg. 4.10
‘ y 4 T reflects only the princilple of its design;
the constructional formulation of real
models of photoreslstors 1s extremely
varied,

)

Fig. 4.10. Dilagram of
the design of a photo-
resistor: 1. pro-
tective window; 2.
housing: 3. contacts;
4, sensitive layer; 5.
backing; 6. leads.

The spectral sensitivity of photo-
resistors, depending on the material usged
for the sensitive layer, lies within /113

very broad limlts from the visible to the
far infrared region of the spectrum.

The threshold sensitivity of the photoresistors is limited
by the noises inherent to them, to which thermal, generation-
recombination, current (1/f - noise), and radiation (photon)
nolses pertalin.
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Thermal noise is caused by thermal fluctuations in the con-
centration of the current carriers and is manifested in the form
of random fluctuations in the voltage across the leads of the

photoresistor, The mean square value.of the thermal noise is cal-
culated from formula (4.52).

Generation-recombination noise arises as a consequence of
fluctuations in the number and lifetime of the current
carriers whieh appear in the sensitive layer of the photoresistor
with its excitation by an incident radiation flux. The nature
of thls noise is similar to the shot effect of electron emis-
sion. At frequencies comparable with the value 1/2mt,, the
dispersion of the noise current is described by the formula

1

T bl Feaf 1 .-
Ig,:,—-tie[? 7oA TTaa T

where e is the electron charge; Iny is the mean value of the current
which flows in the circuit of the photoresistor; Ta-1ls the 1life-
time of the carrier; Tg i1s the time of drift of the carrier

from one electrode to another.

In the frequency interval where f << 1/2wt,, the generation-
recombination noise is white

T 4oy fﬂlﬁ ;
- Sl J

Sometimes [51], this type of noise is considered one of the
components of current noise. In practice, neither the magnitude
nor the frequency spectrum of the noise agrees exactly with the
conclusions of the theory.

The true value of the noise considerably exceeds (sometimes
by 2-3 orders of magnitude) the calculated values of the thermal
and generation-recombination noise. This excess noise is called
the current or 1/f-noise.

It 1s assumed that 1ts composition ineludes modulation necise
and contact noise, and sometimes generation nolse pertains here
(with frequencies comparable with the value 1/2WTC1.

The modulation noise is described by the relation

7o rkee
U;m A" "—‘f—E—— Af,
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and the contact noise depends on the quality of the contaects and /114
is expressed iIn the form

where Ay and Ax are constants; R is the resistance of the sensi-
tive layer of the recelver.

Inasmuch as ¢ - 2 and £ - 1, we take as the expression of the
current noise

sl (4.80)
where Ap = 10‘11-10"13 1s a constant whose value is determined
for each type of receilver.

In the calculations, a number of additional relations are
used which can be obtained if, on the basis of the presented

information about the current nolise, we consider that the function
of spectral density for it 1s described by the expression

G(f)==<,
/) 7 (4.81)

where

o= A SR

The mean square value of the current nolse 1s found from the
equation

____ : 1

Inasmuch as in the measurements of the characteristics of
photoresistors the radiation flux is modulated with frequency fo,
from (4.82), we obtailn
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,‘g‘r-:.f.fom;_é.' (¥.83)

If the receiver is connected to the i1nput of a circult with
a narrow-band filter, i.e., Af is small, then within the limits
6f this frequency band the function of spectral density of the
current noise can be taken as constant and equal to G(fg) = ¢/fg;
then, from (4.82) we have

=7, A o (4.84)

Thus, the expression presented earlier for current noise is
valid as applicable to a narrow frequency interval, and with a
wide frequency band, it is necessary to use relation (4.83).

The mean square value of current noise in the band Af = 1. Hz, /115
on the basis of (4.84), will be

,/ﬁg‘;l=“,/‘:’§_=1/}%.& | (4.85)

Thus, the mean sgquare value of the current noise in a narrow
band must be calculated by the formula

VU=V, Vaf. (4.86)

and in a wide frequency band, the relation

ST}/ TT, Y
VU=V OLY megs (4.87)

must be used.

If the frequency of modulation of radiation flux fi in an
actual apparatus differs from the frequency of modulation fg on
which the measurement of the characteristics were conducted, then
on the basis of (4.84), we can write

Tif=t =< L=Tir0 L2,
Lo fu  fo fu fu
: a (4.88)
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The obtained formula permits calculating the current nolse
wilth a new modulation frequency from the value of the noises at
a given modulation frequency.

The value ¢ is often determined experimentally,
using formula (4.84), from which

GE
Af (4.89)

c

With the given measurement conditions (values Af and fp are
known}, we experimentally determine the mean square value of noilse
ﬁg and from formula (U4.89) we calculate the constant c.

Besides the nolses examined, the threshold sensitivity of
the photoresistors will be influenced by radiatlion noise caused
by random fluctuations in radiation flux and causing fluctuations
in current or voltage in the receiver eircult. If the temperature
of the emitter on which the recelver operates is T kelvins, the mean
square value of fluctuation of radiation flux ¢ falling on the
receiver, on the basis of (4.47), equals

ﬁfzakraf@.; (4.90)

Inasmuch as the temperature of the sensitive layer of the
photoresistor Tpr > O, and it 1tself is the emitfer, the total
value of the fluctuation of radiation flux will be

A@_:Bk(T@-{-Tprﬁﬁr)Af-‘ (u‘gl)

The mean square value of the voltage due to radiation noise /116
can be calculated from the formula

l/ffrg=31/ﬁl='S]/Sk(T(D—:—-Tl_jr@ﬁl)Af- (4.92)

In general, all indicated noises cause voltage fluctuations
at the input of the amplifiler, the mean square value of which is
determlined as

V Ty S T
(4.93)
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Tt has been established that.at low frequencies (up to tens
of kHzY, in the majority of cases, thermal noise 1s small in
comparison with current noise and need not be considered 1n cal-
culations. Then

ﬁ: ffSE_(I)_-L—_i.
V=V S394+T7 (4.94)

With frequencies in tens of kHz and higher, the main noises
will be thermal and radiatlon noises. In many cases, with low
modulation frequencles we can disregard the component caused by
radiation noise. Therefore, in practice, current neises are often
consldered the basic nolses of the photoresistors. In thls case,
for the solution of the problem of which noises can be disregarded
and which should be considered in the calculation of threshold
sensitivity, it 1s necessary to know their spectral distribution.
A typical dependence of the mean sguare nolse on the frequency of
modulation of radiation flux is presented Fig. 4.11.

Current noise predominates in the
region of low frequencies. The 1imit of
this region f] lies within limits up to

= T ) 1000 Hz. In the frequency band up to tens

I - of kHz, generation-recombination noise is

! predominant, and with frequencies of tens

i of kHz and higher, the basic noises will
be thermal and radlation.

The characteristics of several types
of general-purpcose photoresistors produced

Fig. 4.11. Depen- by industry are presented in table [20],
dence of mean square s ,
noise of a receiver The frequency “résponses for a

on frequency. number of models of photoresistors which

are presented 1n the tables in work [20]

are shown in Fig. b.12, and the character-
igtics of relative spectral sensitivity of these recelvers are
given in Fig. 4.13.

To ralse the sensitivity of the photoreslistors, recourse is
had to a reductlon in the equilibrium concentration of the
current carrier by means of the deep-freezing of the photosensi-
tive layer. The parameters of photoresistance during cooling
change rather significantly. Thus, with lead sulfilde photo-
resistors, depending on the degree of cooling of the photolayer,
the long-wave limit of sensitivity is shifted to the “right up
to 4-5 um (Fig. 4.14), the dark resistance increases considerably,
and the time constant increases.
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B P T
T i
Fig. 4.12.

isties of photoresistors: 1.
FS (photoresistor, PK) K-1

2. PRK-2; 3. PRA; 4,5. PRK Ml

H g -

Fféquency character—

The cooling of the sen-
sitive layers of the photo-
registors can be accomplished /117
by special coolants Having a
sufficiently low temperature
of melting or evaporation.
Various substances are used as
coolants which are in a liquid
or solid state; dry lce,
liquid nitrogen, liquid air,
and liquid helium, whose
temperatures of evaporation are
respectively 195, 90, and TT7X.
In cooling the sensitive
layers the photeresistors are
Tastened in the JHHEP CaVlty
of a Dewar vessel

6. PbSe; 7. CdSe: 8. kHz . :
7 . ? (Fig. 4.15) in which a spec1flc

quantity of coollng substance
is placed during operation. Heat removal from the receiver 1s
accomplished with the use of a metal screen.

e o
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b
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Fig. 4.13. Relative spectrai sensitivity of photoresistors:

a and b - for the short-wave region of the
spectrum; ¢ ~ for the long-wave region of the

spectrum
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- Besldes the indicated
- method, the sensitive -
layers are cooled by means
of the sxpansion of gas
under high pressure.: -
: The cooling of the photo-
resistor to the required
‘ temperature will occur under
‘ the condition where the
temperature of the expanding
>~ gas is lower than the temper-

St
r
o
:1622-
! I A R Z Tim
Filg. 4.14. Change in épecfral sen—

sitivity in the cooling of a sensi-
1. PbS (293K};
(195K)); 3. PbS (90K).

tive layer:

I

| xofep €

yyfcn.du-
mefbrbiy
b e MM

e E ‘

H
(=t -
JIW UM -~
REE oRng

(#30) &

Fig. 4.15. Diagram
of the design of a
cooled photoresis-
tor.

Key: a. Protective
window (MgO); b.
sensitive element ,
(Ge); c. Kovar

ature of inversion. In this
case, the gas expanding =~ _
in the cavity will be

cooled 1tselfl and will cocl
the sensitive layer of the
receiver and the gas brought
up to the cavity. The in-
dicated process wilill continue until the
establishment of a state of equilibrium

in which some quantity of liquified gas
will always be located on the sensitive
layer and the temperature of the layer will
edqual the evaporation temperature of this
gas.

2. Pbs

The thermoelectric method based on /116
the Peltier effect may also find applica-
tion for coollng the sensitive layers.
Especially intensive cooling occurs at
soldered Joints which consist of electronic
and p~type semiconductors. One stage of
such a cooling device provides a temperature
drop of up to KOK. With the use of several
stages, a temperature drop of up to 150K
can be achieved.

4,5, Photodiodes and Phototriodes.

Photodiodes are based on the use of
one-way conductivity of a p-n Junction.
They can operate both 1in a valve mode
(without an external power-supply source)
and in a photodicde mode: where a con-
siderable power supply voltage is applied
in the opposite direction.

The operating principle of a photodiode consists of the following.
When the photodiode is not illuminated and a reverse voltage is
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fed to the p-n Jjunction, a small current will flow through it which
is caused by the minority carrier-electrons in the p region and
the holes in the n region of the semiconductor.

With the illumination of the photodiode (Fig. 4.16) electron-
hole pairs arise on the boundary of the n region. The holes,
being minority carriers
in this region, are
deeply diffused and,
approaching the p-n
Junction, are carried
away to the p region.
The thickness of the
n region must be less

' than the diffusion
a) R length and the holes
must reach the p

Fig. 4.16. Design and circult of power ‘r?gigp_befo¥i,rgcomd .
supply of a photodiode: a. diagram of tination. ¢ lncreas

1o e : . in the current of the
design; b. power-supply circult. minority carriers

causes an additional voltage drop across the load resistor.

In operation 1n the valve and photodiode mode, the photo- /120
diodes are connected to the input of the amplifier in accordance
with the circuits presented in Fig. 4.17. The expression for
the current I in the circuit of the photodiode in the valve mode
has the form [38]

fz} ~ 15 (8197 1), [
i (4.95)

where Up 1s the voltage drop across the load resistor from the curr%nt
which flows 1n the internal eircuit; Up = kT/e is the temperature
potential; Ig 1s the saturation current which flows through the
contact juncetion 1n the reverse direction; Ip = SP is the photo-
electric current caused by the radiation flux falling on the

sensitivé layer.

For the photodiode'mode, the current in the outer circuit of

the’ photodiode with its excitation by a radiation flux will be
determined by the equation
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’f=J§fj%(éU$:i_11f (4.96)

where U is the voltage of the external source.

The obtained equation
: , — . gﬁib | provides the possibility
N NS . of constructing the
_ Road characteristic of the photo-
, . diode with different values
: of incident radiation ¢.
‘ If 2.=.0, we obtain the
| current-voltage characteris-
tic which is called dark
(Fig. 4.18). However, under
actual condltions the opera-
tion of the photodiode 1is
influenced by the current
of thermogeneration in the
region of the junetlion which

| a B /121
Fig. 4.17. Diagram of the connec-

tion of the photodiodes: a. in
photodiode mode and b. 1in valve mode.

) S g ~ depends on’ the value of

co ¢, reverse voltage and is

N ST 24 E determined by the expression

| s & r,t;:i —— | Ur-ev‘

' Yarb |
Ip = kp/U, (4.97)

Fig. b.18. Characteristics of a
photodiocde: 1. ideal; 2. actual where ky is the proportion-

characteristic of a dark current of
a photodiode.

ality factor.

Therefore, the actual
characteristlic of a dark
current has some slope. With some voltage Uzpp, an irreversible
thermal breakdown occurs in the p-n junction. Because of this,
the photodiodes operate with voltages which are considerably less
than the breakdown voltages.

The basic characteristics of the photodiodes are evaluated
from the influence of the luminous flux or radiation flux, and
the current of the photodiodes is taken as the response.

The threshold sensitivity of the photodiodes depends on the
level of the fluctuation signal caused by the intrinsic noises,
pertaining to which are shot, thermal, current and radiation nolses.

The nature of shot noise was considered above.
which determines 1t has the form

The expression
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I2 = DeIAf,

[+

where T is the current which flows through the photodiode.

The - thermal moise of the photodiode is considered as
applicable to the resistance of the basic semiconductor (base)
Ry,. The mean square value of the current of this noise will be

Eg = ukTRglAf. (4.98)

One of the baslc components of the total noise current of the
photodiode, especilally with low frequencies of modulation of the
radiation flux, 1s the current 1l/f-noise. ‘

It is believed that this type of noise 1s caused by fluctua-
tions in the surface leakage of the current. The mean square
value of this component is determined by the expression

F=AYTAL
S r . (4.99)
where U is the reverse voltage applied to the photodicde; A is /122

the proportionality factor.
The radiation noige can be calculated from formula (4.48).

The mean square value of total noise current will be

Ry S I Ny T By T Ry S B .‘
]n-" o d‘j"'lr_ efAf-+
‘—j—;lkTRg‘Af+A}VZ"——'—}‘I—+8kT(DSEAf_:‘ (4.100)

r

Let us note that the first three components are the basic ones,
and in the region of low freguencies the main role is played by
the noise current which, with an increase in frequency, is
reduced to the level of white noise. In this case, the position
of the boundary of predominance of noise current depends on the
design and manufacturing technology of the photodiode. Thus, for
example, the noise spectrum of a photodiode of indium antimonide
(InSb) has a drop of excess nolses to the level of white nolse at
a frequency on the order of 1 kHz (Fig. 4.19).
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+J

8 al The threshold flux of photo-
9 diodes can be caleculated from

e i , - formula (4.68)

i |

i g“ i

3 1 , ) _ Vi

'fz'f,' 20,92 071 1.0 0 ’";;:—sgl;s— )

Frequency, kHz!

Fig. 4.19. Noise spectrum

of a photodiode of Indium With the detection of small

antimoriide (InSb). light signals modulated with a high
frequency, the threshold sensifivity
of the photodicde depends to a con-

siderable degree on the value of the dark current which, in this

case, causes the'.shot nolse.

The dark current of a photodliode 1n the working range of
voltages is considered constant. It 1s measured with small reverse
voltages (usually with 1 V). The value of the dark current is
sometimes characterized by the initial static resistance Rgy = 1/I
(resistance to a direct current with U = 1 V). The value of the /123
static resistance strongly depends on temperature

. {(BfTe=BITa) |
Ry=Rope ™~ ]

0 (4.101)

where Rg40 is the initial static resistance with temperature Tos

ry . R
2 IH—L;] and Ry are the resistance at temperatures Tq

‘B= TQ—TI : R2

and T».

The dependence of the static resistance of a photodiode on
temperature is presented in Fig. 4.20, and the nature of the
change in dark current with Increase in the temperature of the
junction in Fig. 4.21.

The basic materials used to manufacture photodiodes are
germanium and silicon. There are indications that gallium arsenide
and germanium wlth galllum arsenide are alsc used for the creation
of photodiodes [511].

The characteristic of the relative spectral sensitivity of

photodiodes is shown in Fig, 4.22. All these photodiodes operate
without cooling.
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2713 293 3 T

Fig. 4.20. Depen-
dence of static
resistance of a
photodiode on

In addition, work [A7] describes .
photodiodes on a base of such semiconductor
materials as InSb, InAs, CsSe, and others.
Rather deep cooling {(to 77X)  1s required
for thelr normal operation. The time
constant T of these photodiodes 1s ex-
tremely small and does not exceed 2 us.
They possess high sensitivity in a broad
band of the spectrum, which can be seen from
the characteristics of relative spectral
sensitivity presented in Fig. 4.23.

temperature. The direction of motion of the current
carrier can be used for the creation of one
_ more group of photoelectric
{ gr'A recelvers -- phototriodes. 1In
| IuA'3~u j these instruments, with their
; 3 irradiation with a radiation flux
| 800 | ' the photocurrent not only is /124
; =4 . induced but is also amplified.
L 600 n hOE | Therefore, the integral sensltivity
\ 400 5&0 ", of the phototriodes reaches
‘ @ ', several amperes per lumen.
| 200 | gza - .
i & L. The spectral characteristics
. 307313 323 337 343 353 IIINTK of phototriodes are determined
' by the same factors as with photo-
Fig. 4.21. Dependence of a diodes., Their threshold sensi-

dark current of germanium and
silicon photodiodes on

tivity depends on the level of
the noises which have the same

temperature: 1. with F : nature as those of photodiodes.

= 0,005 1Im; 2. with I

LAy
It t
I 8.8

= m o
(2% FA S
1

- 0 1n. The threshold flux of a photo-

tricode is calculated from the
formula

’ -|,-'} ) }
!\‘ FU):———T—I_..—_——.:
EOSTVALL (ha102)

Phototriodes can be connected

\ -\\l : in accordance with schemes with a

free collector, free emitter, and

26 with a free base. The first

Ay two schemes are similar to the
Fig. 4.22. Relative spectral - connection of a phototriode in
sengltivity of photodiodes the diode mode, The c¢onnectlon
for the short-wave region of of phototricdes in the triode mode

the spectrum.
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connectlon of regular ftransisters. Most
widespread 1s the scheme for connection
with a ccmmon emitter.

Our 1ndustry is producing a
germanium phototriode FT-1 (PT-1). Its
characteristics are presented in the
tables of work [20].

. . 4.6. Photoecells with a Longltudlnal
Fig. 4.23. Relative = ———Frr—rooror o trret oo

spectral sensitivity PhotodlodES)
for the long-wave
region of the spectrum. With the illumination of a semi-

conductor junetion, a voltage arises

between the two reglons of the Junction.
With the nonuniform illumination of the sensitive- layer, along
with a transverse photo-emf, a photo-emf arises which is directed
along the junction. This phénomenon received the name of longi-
tudinal or laterial photoelectric effect.

Fig. L4.24a showsia diagram of an inversion photodiode on a /125
germanium base of the n-type in which a region with p conductivity
has been created by the fusion
of a drop of indium. With the

; 42 — 1llumination of the photocell

on the germanium side,

? s ! a transverse photo- —emf arises

. ! ‘Z;%ffxs ) r between the electrode soldered
| . to the indium and electrodes A
5 A ,]l¢ ' - and B. If the center of the

g e light spot which falls on the

| / 7&&35{ 1. . - photocell is shifted relative

. B to the axis of symmetry, a

- . H) - P longitudinal photo-emf appears
' : - between contacts A and B, whose

sign changes with the passage

Fig. 4.24. Diagram of a of the light spot through the
photoelement with a longi- center (Fig. 4.24b). The value
tudinal photoelectric effect:. of this emf depends on the posi-
a. transverse photo-emf: b. tion of this spot with respect
‘longitudinal photo-emf; 1. to the axis of symmetry (Fig.
n-layer of germanium; 2. 4.25) and is determined by the
indium; 3. layer of germanium. expression

U=V, =V, =2 pit=

d—x

(4.103)
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where V] and Vo are the potentlals of contacts 1 and 2 caused

by the longitudinal photo-emf wilth the removal of the light

Spot to distance x from the center; 2 @ is the distance between ’
the contacts; p 1s the - resistivity . of the n region; 2

is the thickness of the n region; and I is the total photocurrent.

The relation for the output voltage across the base electrodes
as a function of the position of the light spot Uy = f(x) has
received the name of inversion characteristic. The appearance
of this characteristic is shown in Fig. UL.26. With small shifts
.~.. .of the spot_relative to the center, equation (4.103) is trans- __ .. ...
formed to the form

U< %
T e g ) (4.10M)

Since 1n many cases
photocells with 2 longitu-
i dinal photoelectric effect

are used for the recording
} of small displacements of
the light spot from center,
this expression is extreme-
ly c¢onvenient for
practical use.

If we arrange four /126
contacts rather than two
along the edges of the

Fig. 4.25. Photo-emf which arises . sensitive layer (two

at the output of a photocell with each on mutually perpen-
longitudinal photoelectric effect: dicular directions), as
a. two-contact; b. four-contact; is shown in Fig. 4.25b,
1, 2, 3. contacts we obtain a two-dimen-

sional photocell which

permits determining the
coordinates of the light spot. The resulting voltages along
the channels equal

U}ﬁ:?i InfL

o (4.105)

9t ﬂ?.r (4.106)

Expressions (4.103), (4.104), or, in the general case,
(4,105) and (4.106) are the equations of an inversilon photodiode
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-+ : from which we can obtain not only the
‘ //\\\\ values of output voltages Uy and Uy,
i . \ but also data on the sensitlvity,
c . 1 linearity, and slope of the inversilon
| IITEe 0N G4 0640 xid | characteristic. From these equations,
\ ‘ it follows that an increase in sen-
* \\\h// sitivity can be obtained by increasing
; e the resistivity . ° of the n layer
‘ ) and reducing 1ts thilckness R&.
Fig. 4.26. Inversion
characteristic of a Since the photocurrent I depends
photocell with lon- on the value of the radiation flux
gitudinal photoelec- which falls on the receiver, the value
tric effect. of the output signal will also depend

not only con the position of the spot,

but alsc on the radiation power in
the spot. In this regard, this dependence remains linear
with a change in the incident flux from the minimum (threshold)
values by 3-U orders of magnitude. .

We transform these expressions in the following manner for
convenience in using them. Let us present the photocurrent of
the receiver in the form I = igp® (excluding the saturation
section) and we introduce the designation

o —t
e long | (4.107)

Then expressions (4.104), (4.105), and (4.106) take the
corresponding form

‘ U,=85 Dx; ]
1318 o (4.108)
U,= "—ln_!"’; |
SJ-D-%? Ve (4.109)
d
Ur=Scfg In -, | (4.110)

where Sione 1s the sensitivity of a photocell with a longitudinal
photoelectPic effect measured in V.W-lmm-1 or V-Ilm-lmm-1. The
gsensitivity of some types of inversilon photodiodes reaches
several tens of V-W-lmm—1 and the linear zone comprises approxi-
mately 20% of the distance between the contacts.

Relations (4.108), (4.109), and (4.110) show that the change
in the strength of radlation in the spot has a substantial
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influence on the value of the output signal which proves to be
proportional to the incident radiatlon flux ¢&. This effect leads
to indeterminacy - since the reason for the change in signal at

the output remains unknown. Elimination of this indeterminacy 1is
achieved in varilious ways. In a number of cases, when the photocell
is used to determine direction to a powerful emitter, the effect

of the saturation of the photocurrent is used. When operating

in & saturation mode, the current of the photocell attalns its
maximum value and remains unchanged with insignificant fluctua-
tions in the incident radiation flux. As a result, the signal

at the output will depend only on the position of the spot on the
sensitive layer. However, the applicability of .the 1ndicated
method is extremely llmlted

In practice, the task arises of determining the direction
to low~-power emlitters or emltters sufficiently powerful but at
great distances away and emitters the value of whose flux at
the input 1is clearly insufficlent for the operation of the
photodiode in the saturation mode. This task arises in operation
with radiation fluxes close to threshold fluxes. Here, the
change in the dependence of the output signal on the value of
the incident radiation flux is caused by fluctuations in the
radiation flux and also by the change in the distance between
the instrument and the emitter. In this case, the effect of
inconstancy of the incident radiation flux can be excluded, using
the signal from the output of the receiver which is caused by
the transverse photoelectric effect.

For this, suppose that a radiation flux falls on the input /128
of a photocell which is focused by the optical system in the
form of a spot whose cenfter 1s removed some distance from the
center of the photocell. Then the signals caused hy the
longitudinal photoelectric effect at the output of the receiver's
channels will be determined by expressions (4.108) and (4.109).

At the same time, the signal which is read between electrodes

4(3) and 5 (Fig. 4.27) 1s caused by a regular transverse photo-
electrlic effect and eguals

U = 5S¢ (4.111)
where S 1s the integral sensitivity of the photocell for the

transverse photoelectric effect.

Expressing ¢ from (4.111l) and substituting it in (ﬂ 109)
and (4.110), we obtaln
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Fig. 4.27. Use of
the transverse
photoelectric ef-
fect to compensate
for the change in
value of the radil-
ant flux which
falls on the
receiver: 1, 2,
3, 4, 5, -~ con-
tacts.

.”‘ S

[ra

In 1 — R I
" Storg @ 701,‘ (4.112)
fa_ 5 21, |
TS w vl | (113
long ]

Similarly, from (4.108) for the linear
zone of the photocell, we will have

' ) 1
K= =l (4.114)
| SlOIEU * .

Thus, if the signals over the channels
caused by the longitudinal photoelectric
effect are normalized by the signal of the
transverse photoelectric effect and the
obtained result is multiplied by a value
constant for the given receiver, we ob-
tain infeormation which unambiguously
determines the position of the radiation
spot on the sensitive- layer of the recelver,

What has been presented shows that, on
the basls of inversion photodicdes, electro-

optical -+ instruments can be created which
permit determining the angular coordinates of radiation objects
relative to the zero axis. In this, the sign of the output
signals will indicate the direction of milsalignment. Feeding a
constant voltage to the base contacts (1, 2, 3, Y4), we can change
the position of the zero point of the inversion characteristic
which is necessary in a number of high-speed electro-optical
instruments. Executing the electronic modulation of the ocutput
signal, in accordance with any given law, we can change the slope
of the inversion characferistic and, consequently, the output
signal, which permits using the photoc¢ells in circuits with
alternating current amplifiers (without preliminary modulation
of the radiation flux).

The threshold sensitivity of inversion photodiodes, just as /129
with other photoelectric receivers, is determined by their noises.
The basic components of the noises with this type of receiver
are the same as with regular photodiodes. TIurthermore, it is
necessary to consider the zero drift which 1s characterized by
the amount of displacement of the position of the point of gero
potential under the influence of the change in fthe internal
structure of the junction, temperature, and humidity with time.

A merit of the photocells with a longitudinal photoelectric
effect, along with the possibllity of determining the coordinates
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of the radiating objects with simple instrumental realization,
is the practical independence of the precision of measurement
from the magnitude of the spot of scatter in whose form the
‘radiation is focused on the sensitive layer.

At the present time, inversion photodiodes are made on the
base of germanium, silicon, selenium, indium antimonlde, and
other materials. Their sensitivity sometimes reaches 40 V/(W.mm)
with time constants-.of a few us. The :threshold fluxes
of germanium inversion photodiodes comprise approximately
Ft v 2.10-9 1lm.mm for an emltter with T.o1 = 2848K, and with
silTcon inversion photodiodes, &t = (H-g)-lo-lo W with the
removal of the spot 9.5 mm from the center.

Mere detailed information on the design, operating principle,
characteristies, and possible applications is presented in [47].

4.,7. Thermal Radiation Recelvers

The baslic representatives of this group of radiatlon flux .
receivers which assure the conversion of the radiation falling W
on them to electrical signals are thermoelements and bolometers.

The specific thermo-emf which is characterized by the amount
of emf which arises with a single temperature drop

ot

th
Usp = BT (4.115)

is usually small for metallic thermoelements and comprises
several tens of microvolts per degree.

A thermo-enmf also arises in the junctions cf semiconductors
A higher specific thermo-emf 1s characteristic of them, which
is explained by the dependence of the quantity and energy of
eurrent carriers on temperature. Moreover, in thermoelements
of semiconductors, the addition of the emf of electronlc and p-
type semiconductors occurs.

The integral sensitivity of metallic thermoelements lies
within limits of from 3 to 5 uV/uW. With semiconductor thermo-
elements, it reaches several tens of wV/uW. The values of the
thrgshold ﬂ}uxes of the photoelements lie within limits of from

to 1077 W for any émitter, since the thermoelement is a nern-/130
_gelective receiver of radiaticn flux. %

-_—
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The time constants 1 of different types of thermoelements
fluctuate from fractions of a second to several milliseconds.

The shortcomings of the thermoelements are their low inter-
nal resistance, great time lag, and complexity of constructilon
of sufficiently sensitive thermcelements. All this serves as
a serious obstacle for their use in high-speed electro-optical
equipment.

Such thermal receivers as bolometers are finding compara-
tively broad application in various types of electro-optical
instruments, especially where long-wave infrared radlation is
used.

The sensitive layer of a bolometer is a thin metallic or
semiconductor film which is actually a thermistor. Usually, a
bolometer consists of two heat-sensitlve resistors., One of them
1s recelving and is subjected to the influence of a radiation
flux, and the other (compensation) serves to compensate for the
effect of temperature change of the external environment.

The change 1n resistance of the sensitive layer of fhe bolom-

eter with its heating depends on the value of the temperature
coefficient o which is determined by the expression

(‘.'._—_.-—-I—--g-R—
R« '’ (4.116)

where R is the resgistance of the sensitive layer of the bolometer
at temperature T.

For the majority of metals, the temperature ccefficient of
the resistor is expressed by the relation

a =T 7, (4.117)

Therefore, for a temperature of i 300X, at which bolometers
usually operate, the value of coefficient o with metalllc sen-
sitive layers in approximately 0.0033.

The resistance of the semiconductors in some limited
temperature band follows the exponential law

R=Ret87—8r,), | o 118)
| 11
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where B = 300 1s a positive constant; R is the resistance of
the semiconductor with temperature Tj.

Differentiating (4.118) for variable T and substituting
1/R and dR/AT in (4.116), we obtain

|

o RoeBT=BITS) (— BITY)

I
Ry BIT—B Ta) 72

[

whence, with consideration of the fact that B = BOOOK; we have /131

g — 300 (4.119)

Thus, with semiconductor materials, the coefficlient of
temperature resistance is negative and 1ts absolute value is
greater than with metals. Thus, with' T = 300K, with semicon-
ductors,a = 0.333, 1l.e., an order of magnltude greater than with
metals. Therefore, semleonductor bolometers posses greater
sensitivity compared to metalllic ones.

Signals read from the
output of a bolometer, as
a rule, are small and
must first be amplified
before their direct use
in the circuilt of the
instrument. At the input
of the amplifier, bolom-
eters  are connected
elther in accordance with
a brldge scheme (Fig. 4.28a)

Fig. 4.28. Diagrams of the connec~ ©OF in accordance with a
tion of bolometers to the input of scheme 1n which the com-
and amplifier: a. bridge scheme; pensation elements plays
b. compensation bolometer accom- the role of load resistor
plishes the work of a load resis- (Fig. 4.28b).

tor.

In the bridge con-
nectlion scheme, with a pre-
balanced bridge (RjRpp = R2Rpl), the irradiation of the sen-
gsitive layer B] causes the unbalancing of the bridge and the
appearance of a signal on the grid of the input tube of the
amplifier. The simultaneous change of temperature of both
sensitive layers (B and Bp) under the influence of the external

138



environment does not cause the unbalancing of the bridge and,
consequently, the appearance of a signal at the input of the
amplifier,

The power supply of the bridge is accomplished either with
a constant or with a variable voltage with a frequency of several
hundreds or thousand Hz. So as not to use direct current
amplifiers whose basic shortcoming 1s zero drift, the radiation
flux is usually modulated. If the power supply of the bridge is
accomplished with a constant voltage, the amplification of the
signals from the output of the bolometer 1s accomplished on
the modulation frequency. With the power supply with a variable
voltage, the signal is amplified first on one frequency, for
example, on the frequency of the power supply voltage, and then
{after detection) on the modulation frequency. The connection
of the bolometer to the input of the amplifier 1n accordance /132
with the scheme presented in Fig. 4.28b causes a power supply
with a constant voltage alone.

The change in the resistance of bolometer Bj by the value
AR with irradiliation causes the redistribution of the voltages
between By and B, and the signal appears at the input of the
amplifier

Uip = LIAR, (4.120)

where I is the current which flows through bolometer By; L is
the coefficient which depends on the ceonnection scheme and the
relationship of resistors Rpi, Rpp, and the load resistor.

Wlth a bridge connection scheme and the equality Rpj = Rpp =

= = R, and under the condition R »>> R for the scheme
(F1g 4, %8 I = 1/2. If the power supply vo%tage is Ug, then
from (4. 120) we find the value of the input signal

4 R (4.121)

Inasmuch as the change in the resistance of the bolometer
under the influence of an incident radiation flux is small, in
changing 1n equation (4.116) to the final increases in resis-
tance and temperature, we can write

AR aAT
R B
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With consideration of this relation, from (4.121) we obtain
the expression for the value of the signal from the bolometer at

the input of the amplifier

Uimz“I—UBdAT.
4 i (4.122)

The basic characteristics in accordance with which a com~
parative evaluation of the bolometers is accompllshed are the
integral sensitivity, threshold flux, and time lag.

The integral sensitivity S of the bolometers is determilned
on the basis of (4.3).

Inasmuch as the bolometers in a broad spectral 1lnterval are
nonselective receivers, the indication of the type of emitter
accerding to whlch the measurements were conducted is not
mandatory. The type of emitter and 1ts characterlistlcs must be
indicated only in those cases where measurements of sensitivity
are conducted with the presence of a selective filter 1n front
of the senslitive layer of the bolometer.

Using (4.3) and the value Ujp from (4.122), we have

. aATl
S=Us—7 q (4.123)

From the equation of the thermal state of the sensitive
layer of the bolometer

" 4(a7)
dt

c +PAT=0,

(4.124)

where ¢ is the heat capacity of the sensitive layer; B is the
heat transfer ccoefficlent.

d
In the established mode (——f;—n——;o)l we have

AT=0/p. |
/
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With consideration of the found relation on the basis of
(4.123) we obtain

s=Llpype
A (4,125)

The heat transfer coefficlent B includes. the component for
temperature radiation of the sensitive layer and the component
caused by the heat conductivity of the leads.

From expression (4.125), it can be seen that the integral
sensitivity of the bolometer is proportional to the temperature
coefficient of the resistance and the applied voltage and in- " -
versely proportional to the heat transfer coeffieient B. To
increase the integral sensitivity, 1t 1s necessary to reduce
the heat transfer. This is attained by placing the sensitive
layer of the bolometer in a wvacuum, as a result of which losses
in heating the ambient air are reduced, and also by the employ-
ment of thin connecting conductors with low heat conductivity.

The time lag of bolometers is determlined by the final time
of heating and cooling of the sensitive layer of the bolometers
to modulated radiation. The expresslon for the integral sensi-
tivity of bolometers with their irradiliation with a variable
radiation flux has the form

r——

S, = So .
VI+ (&=

(4.126)

where T is the time constant equal to ¢/B; Sp 1s the integral
gsensitivity of the bolometer with frequency modulation close to
f = 0.

From formula (4.126) it can be seen that with large time
constants, sensitivity Sy 1s decreased significantly with an
increase in frequency. In some cases, the sensitivé.layers of
the bolometers are applied to highly conductive backings. This,
naturally, leads to an increase in coefficient B and a reduction
in the time constant 1. However, with a reduction in the time
constant, the integral sensitivity Sg is reduced Just as many
times. The increase in thermal scatter B permits inereasing the
power supply voltage of the bolometer which leads, as can be seen
from formula (4.125), to an increase in integral sensitivity.

As a result, despite some reduction in the value S in a specific
frequency band, a considerable gain in integral sensitivity 1s
attained.
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The threshold sensitivity of the bolometers 1s determined
by the level of their intrinsic noises. The basic noises of
bolometers are thermal, radlation, and current.

(4 The thermal nolses of bolometers are calculated from formula
.52)

U2=4rTRAS.,

where R is the resistance of the bolometer and T 1is its tempera-
ture.

The current ncoises of the bolometers depend on the charac-
teristics of the-materlal of the sensitive layer and are
determined by the expression

jU’:—-A, [’—AL.-,
E R ! (h.127)

The spectral denslty of the current noise of a bolometer
is described by the equation G(f) = ¢/f, and the necessary
calculations of the magnitude of the current nolses is performed
from the formulas of Section 4.4,

Radiation nolses are caused by fluctuations in the radiation
flux which falls on the receiver and the radiation which arises
during heat exchange of the sensitive layer of the bolometers
with the environment.

The mean square value of the fluctuations in radiation flux
from an object on the 1nput of the bolometer is calculated from
the formula

V a0a=)/ 16T, .
D21V 162T5u%p 2.1 (4.128)

where ®gp 1s the radiation flux from the object which reaches
the sensitive layer of the bolometer; Top 1s the temperature of
the raddating surface of the object; k is Boltzmann's constant.

The second component, which 1s caused by the radiant heat

exchange of the sensitive layer with area A which occurs with
temperature Ty and an environment having temperature Ty, 1s
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found in the following manner. _In [37] it is shown that the
fluctuations in radiation flux A92 caused by the absorbed radia-
tion are determined by the expression

| adi= a}er,AsaT;A F=8kT: 07 | (4.129)

Fluctuations emitted by the body of radiation flux will be

ADL=8AT, AcoTia f =BT\ De0 /.| (4.130)

Since expressions (4.129) and (4.130) are independent, they
can be added, as a result of which we obtaln the total value of
the dispersion of the value of the fluctuations of the radiation
flux due to heat exchange

A=A + AT =BkAex(T3+TY) A/ =S8R (TOATRJASS

If the temperature of fthe sensitive layer and the environ-
ment equal each other, then

r—

On the basis of (4.128) and (4.132), we obtain the following
expression for the dispersion of the total radiation noilse

AR =A% ABI= 164 (T D+ PPAS (4.133)

r

In working with a radiation flux close o the threshold
values (%55 v @¢), in uncooled bolometers the main role is
played by fluctuatlons caused by the heat exchange {(the second
term in expression (4.133)).

The dispersion of the radiation noise, determined as A@28%,!
willl be A 1

(ViFnfoef

UI=ATES = 162(Ty o5t TyP%)

(4.134)
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Thus, the mean square value of the nolse voltage of the
bolometer through its basilc components can be presented in the
form

(VTF @foeP

V T2 =02+ GiH PP =(4hTyRA f -+ ARGIPAff -+
- ) ‘ 33 . 12 /
+ 16-(T @, Tg05) A7 ) ./ (4.135)

In general form, the threshold flux of a bolometer in
accordance with (4.19) will be

- P, ' |
S A |
23 Ss
‘. s3 i
_ /O RT R, + A,.Rgmff+ 162 (T 0. 1+ T 0 ] :
; BB
‘ =]/[ o Y Y Tx ey - (5.136)
. 5 :
V1+(@2nfrp ‘
or —  ARTRg+ ARZ7LS

T , Af 4 165 (To® 5t T A
£ So

Ve o (a6

We note that the basic types of noises with metallic bolom-
eters are thermal, and with semiconductor bolometers, current.

Used as the materials for the manufacture /136
of the sensitive layers in metallic bolometers are thin fllms of
gold, nickel, bismuth, and several o6ther metals. Used 1in semi-
conductor bolometers are oxides (oxides of manganese, nickel,
cobalt), and also germanium, antimony, etc. The contact leads
of the bolometers are usually made from silver or gold [20].

Superconducting semiconductor bolometers are based on the
use of the phenomenon of superconductivity. For pure metals,
the transition to superconductivity occurs very rapidly, i.e.,
with an extremely small temperature drop. With some materials,
the slope of this transition is less, which permits creating
bolometers which are sensitive to a rather large femperature drop.
The materials for the manufacture.of sensitive layers of such
bolometers are niobium and titanium nitride. Possessing a
considerable threshold sensitivity (threshold flux on the order
of 5-10-10 W), these bolometers have a comparatively small time
constant (1t » 0.5 ms).
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CHAPTER 5. ANALYZERS AND SCANNERS OF ELECTRO-OPTICAL INSTRUMENT3 /136

With the use of analyzers, an analysis of the field of view
1s conducted, and signals are generated which correspond un-
ambigucusly to the angular coordinates of a radiating obJect
relative to the axis of the Ilnstrument.

According to the method for discriminating error signals in
eglectro-coptical equipment the following types of analyzers are
distinguished: .

-~ Devices which react to a change in signal phase;

— Devices which react to the change in amplitude and polarity
of the slgnal;

- Devices which use the change in signal frequency;

- Devices which react to a change in signal duration;

- Comblned analyzers,.

Usually, the compositicn of an analyzer includes a modula-
ting device (radiation flux modulator), radiation receiver, and
units of the electronic circuit which assure the shapling of error
signals in the required coordinate system. The main element of
an analyzer, which determines the method of shaping the error
signals and the structure of the electronic circuit, is the /137
radiation flux modulator.

Radlation flux medulation has a specific property in com-
parison with the modulation of electromagnetic radiation on
radico frequencies since the radiation flux which falls on the
radiation receiver changes slowly and does not contain high-
frequency components.

The modulators are characterized by coefficients of modula-
tion of the radiation flux from objects and backgrounds:

‘I’b max = q’-‘I;,mm
Chtot

'k- _ b5 max = P min
M0

&

el or b= | G0

where K, o. and Ky, p, are coefficients of the modulation of
radiation fluxes from objects and backgrounds; 0. tor. and

. tot. are the values of radiation fluxes from an object and
packground which fall on a modulator; @5 pax and @ pgx are the
main values of radiation fluxes from an object and background
which fall on a receiver during one modulatlen perlod; %y min
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and &y pin are the minimum values of radiation fluxes from an
obJect and background which fall on a radiation receiver during
one modulation period. The condition dpgx = %ot is valid for
many types of modulators.

Desipgns of modulators envision the possibility of different

modulation of radiation fluxes from obJjects and backgrounds. The
larger the modulation factor of flux from an object and

- the smaller the modulation factor of flux from.the background, _ .
the more perfected is the design of the modulating device

considered, since with a reduction in the value of kn,b.

the level of radiation interference (external noise) 1s

reduced on the input of the amplifier.

Two types of modulation of radiation flux find employment:
sine-wave -and square-wave - (Fig. 5.1). With sine-wave modu-
lation, the function of the change in radilation flux behind the
modulator can be written in the followlng form:

. q:“;nu'*“@mln &'max— min
@(tj_( 2 + > L )cos(wf—-_&),‘-\ (5.2)

where w is the modulation frequency and 6 is the signal phase.

With square-wave modulation, the function of the change in
radiation flux behind the medulator can be wrltten in the form
of an expansion in a Fourler series

: Py~ @ Qrax — P N cos[(?k—l)mt;—bk]:-
O ()= Zmax mig | “max min — 1y

0=ttt S te 3y @D
! k-‘l. :

(5.3)

where k = 1, 2, 3... is the natural series of numbers; B0k 1s the /138
phase of the k-th harmonic of the signal. T

Rotating opaque disks with cuts of a specifiec shape,
frequency rasters, cylinders, screens, fixed diaphragms with
apertures, and others can be employed as modulators. With the
use of fixed modulating diaphragms, modulation of the radiation
flux 1s accomplished due to the displacement of the object's
image over the surface of the diaphragm or the surface of the
radiation receiver. '

In some instruments, the radiation'flux is not modulated.

In this case, information on the coordinates of the radiating
object is obtained thanks to the determination of the position
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@ ® . : \ of the objects' image
: on the surface of
: 1 i the radiation receiver
: y = , Wwhich 1is, for exanple,
| & §f  a mosaic or inversion
} ; L\‘ photeodiode.
! a) ‘ b) '

- : 5.2, Phase Analyzers
Fig. 5.1. Types of modulation of radia-
tlon flux: a. sine-wave; . b. sguare The shaping of
wave, _ error signals in

analyzers of this type
is based on the compariscn of the phase
of the operating signal with the phase

Receiver of the reference signals. In the

L : simplest type of phase analyzer, a

| ! rotating opaque semidisk (secreen) is used
: 4 Modulating as a modulator. The axis of rotation of
COR semidisk '~ the semidisk coincides with the optical
R~ | axis of the lens ‘and passes through

the center of the sensltive layer of
the receiver (Fig. 5.2). If the image
Flg. 5.2. Mutual po- of a point-radiating object 1s projected

sition of a receiver on the radiation receiver, then with the
and modulator made rotation of the semidisk, square-wave

in the form of a pulses, which are caused by the radiation
rotating semidisk, of the object, go from the output of the

receiver to the input of the amplifier.
The recurrence rate. of these
pulses is equal to the recurrence frequency of the semidisk, and
the phase to the phasing angle of the object.

Various types of phase commutators which operate synchro- /139
nously with the modulator are usually used as shaping and
separating devices. Such commutators may be mechanical, elec-
tronic, or semiconductor devices.

The simplest type is the collector-type mechanical phase
commutator. It rotates synchronously with the modulating semi-
disk and operates in the mode of a full-wave rectifier. A
gschematie diagram of an analyzer 1s presented in Fig. 5.3. The
load of the commutator, is connected between its brushes and
the midpoints of the secondary windings of the output transformer
of the amplifier. Schematically, this can be presented as
shown in Fig. 5.4%a. Thus, a voltage is fed to the commutator
rings from the amplifier output with the use of brushes. Inas-
much as the first harmonic of the sguare pulses is used for the
shaping of error signals, a narrow-band resonance ampllifler of
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Konmexmommn D i © photocurrents is used in the
ORI iiv 7} - - . R
KOmgmaman v 20azuen circuit. In this regard, the

_ phase of the sine-wave vol-
~ N 1_ tage depends on the position
‘a _ of the object 1n the field of
. Moy rupyo.| - : N : " view and changes with a change
n0ayduen oo ' L in the sign of the error.
USAPLG

i £ ‘ Let us examine the opera-
Yy ”{J' ul | tion of a commutator with the

presence of an error angle only
for coordinate 1, when the

? e | phasing angle 8 = n/2 (Fig. 5.4b).
‘| . e -
! gy L During the first quarter

Fig. 5.3. Operating principié of the modulation period, the

of a collector-type phase current flows through the lcoad
commutator: Rjggg - load resistor Ripad 1 from right to
resistor; Uy - signal taken left (we take this direction of

from load I of the channel; the current and the voltage Ujg

Up - signal taken from load corresponding to it as negative) /140
IT of the channel. and a voltage drop with a nega-

tive sign is created on the load.
Key: a. Modulating semidisk; With wt = w/2, the polarity of

b. Collector commutator; the sighal on the ends of the
¢. Insulating layer; d. transformer winding changes
Radiation receiver; e. Re- and occurring at the same time
sonance amplifier; f. Ripad 1s commutation which leads to

the case where the current over

the circuit Rj'-Rjgag 1 flows
throughout 2 and 3 of the fourth period through Rjgag 1 1n the
same direction as in the first period. A half-wave of voltage
with a negative sign is created on the load resistor. With
wt = 37/2, the polarity on the ends of the transformer winding
changes again, commutation occurs simultaneously with 1t, and a
negative voltage again arises on the load resistor.

The current flows over the second channel in the first
quarter of the period through the load resistor over circuit
Rioad 2-R2' in a positive direction. With wt = w/2, the polarity
changes on the ends of the transformer winding, but commutation
does not occur and, therefore, the current flows over the same
circult in the opposite direction, attaining its maximum value
by the end of the half-perilod (vt = m). The negative quarter
of the voltage wave Un(t) is created on load resistor Rjgag 2.
When wt = w, commutation occurs and current flows over circuit
Rioad2-Rp through load resistor Rjgga 2 again in a positive S /141
direction. This will continue until the polarity changes on the
transformer output, which will occur with wt = 3w/2. Finally,
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in the last quarter of the modulation period, the current again
flows through load resistor Rjgag.2 1n a negatlve direction and

50 on.

7 Modyruppowud
fucn 3 X

4

On the basis
over the channels
g =0and 0 < 8 <
in Fig. 5.4 a and

The constant
the channels will

Principle of discrimination of control
signal in a phase analyzer: a. diagram
of the connection of a load resistor;

. with an error in one ccoordinate;

. Wwith an error in two coordinates;

2. coordinates; 3. modulating disk;
image of object; 5. Rjgads

- Uampls 7. Upec

(oW =g R e¢ie
. .

of the procedure presented, curves of voltages
have been constructed for the cases where

m/2. The corresponding graphs are presented
b.

components of voltages Uj(t) and Us{(t) for
equal =

U :_L- .Umuéin (mté‘ﬂ)d(mf)#?:g!‘ﬂ coslﬂ;l
% . - = - (5.4)
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" 8mf2 . ‘

On the basis of the obtained formulas, we find that with
8 =0, Up = (2Upax)/m™ and Up = 0, and with 8 = n/2, U3 = 0 and
Us = (2Umgx)/m, i.e., with the deviation of the object for one
coordinate, the signal at the output of the analyzeér appears

only in one channel and turns out to be equal to zero in the
second channel.

(5.5)

As can be seen from expressions (5.4) and (5.5}, the constant
components of error signals over the channels depend only on
the phasing angle 8 and do not depend on the size of the error
angle, i.e., an instrument with the analyzer under consideration
reacts only to the sign of the error angle. If the error angle
equals zero (the image of the object is at the polnt of inter-
section of the optical axls with the center of the modulating
disk), then with the rotation of the modulating disk, half the
image will constantly fall on the sensitive layer of the receiver
{no modulation of the radiation flux occurs) and there will be a
constant signal on its output. In this case, the constant
components over channels Ugpy and Upo will be equal to zero. The
coefficient of modulation of the flux from the object depends
on the shifting of the center of its image relative to the axis
of rotation of the semidisk (Fig. 5.5).

‘ If the radius of the circle of confusion
T mAmin: ' 1s small in comparison with the dimensilons

7177 of the semidisk, the coefflecient of modulation
ol K 43 of the flux from the object ky,o. = 1 over the
' \i“—"- _61 entire area of the receiver except for its
Amax central portion.

The shortecomings of such a type of
" analyzer, caused by the deslign of the modula-

Fig. 5.5. For tor, are unstable operatlon with small error
determination angles and large dimensions of the object

of the coeffi- image and also modulation of the radiation /142
celnt of modu- flux from the background.

lation of the

background. Let the deviation of the center of

rotation of the semidisk from the center of

the photoresistance by the amount of & occur
(see Fig. 5.5); then, evén with a uniform background and receiver
sensitivity identical over the entire area, we have

’

- a 2 B) a = a) ‘
CE.b :-4rnax_—4min= ( 2 ‘ ( 2 =_2_B_‘ ‘
1'3 Arec a2 a . (5.6)
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The flux from the background will be modulated due to the
unegual sensitlvity over the surface of the receiver and also
as a consequence of the nonuniform background.

In some schemes, the shaping of the error signals is accom-
plished with the use of a full-wave demodulator, using electron
tubes whose anode circuits are fed by square-wave voltage pulsesy:. -
The diagram of such a demodulator is presented in Fig. 5.6.

Square voltage
pulses are shaped by a
stage with a dual triode
L3. The grid of this
tube is under a zero ini-
tial bias. A reference
voltage generated by a
reference-voltage generator
synchreonously linked with
the reotating modulator is
fed to both grids of the
dual triode L3 in antiphase.
In this regard, the ampli-
tude of the reference
voltage is greater than the
blocking voltage of the
triodes. Therefore, during
the negative half-periods
. ) of the reference voltage,
Fig. 5.6. Full-wave demodulator the triodes are blocked
using eleectron tubes. and, durilng posiltive
half-periods, open. When
the triode is blocked, the
voltage on its anode equals Eg and during unblocking, it drops
to Epg. Since the voltage is fed to the grids of tube L3 in
antiphase, the square pulses on the ancde load will alsce be in
antiphase.

The left and right anodes of the dual triodes L1 and L2 are
connected respectively to the anodes of tube L3. Therefore,
when the voltage on one of the anodes of tube L3 equals Ey, the
halves of tubes L1 and L2 connected to it by the anodes are open,
and the second halves of tubes L1 and L2 are blocked with respect
to the anode voltage; since it equals Ep.

If the voltage on the 1nput of the demodulator equals zero
(Uin = 0), equal currents flow through both tubes and, con-
sequently, through the resistors which stand in the circuit of
cathodes R.7 and Rep. The voltage drops across resistors R_, and
Rep are equal in value, the potential of points a and b ard&l
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identical, and the output voltage equals zero (no current flows
through the load resistor Rjyggg)-

Another types of phase analyzer is a device in which the - /143
modulation of the radiation flux is accomplished with the use of
an inclined rotating flat modulating mirror and a fixed dlaphragm
with apertures (Fig. 5.7). The dlaphragm has several apertures
arranged along a c¢ircle and is installed in the focal plane of
the lens. The dimensions of the apertures depend on the size of
the circle of confusion of the system. With such a scheme, the
instrument's field of view 1s determined by the radius of the
diaphragm R and the focal length f of the lens

2W = 2arctan % . (5.7)

The angle of incline of the rotating flat mirror to the
axis is such that if the object is located on the optical axils,
its image in the focal plane with the rotation of the mirror
will describe a circle which coincides with the external boundaries
of the apertures of the dlaphragm. The radiation flux is modu-
lated with frequency

f = pn .8
car o (5.8)

where p is the number of apertures in the diaphragm; n is the
number of revolutions of the mirror in one minute.

With the coincidence of the image of the object with the
apertures in the diaphragm, half the value of the radiation flux
which is focused by the optical system falls on the radiation
receiver. With the displacement of the object from the axis, its
image will describe a circle of the same radius, but the center
of the circle will be displaced in a direction opposite to the /144
displacement of the object. This leads to a change in the value
of the flux which falls on the radiation receiver through the
various apertures of the diaphragm. As a result, the carrier
frequency fa.gzr turns out to be additionally modulated for am-
plitude by the frequency of rotation of the mirror (Fig. 5.8).

Tenv 5.%6 (5.9)

Fig. 5.9 portrays the dependence of the coefflcient of
modulation of a radiation flux which arrives at the receiver on
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the amount of displace-
ment x of the image of
the object in the focal

2 ; plane with the presence
L3 of an error angle. With

g 4 X = r, where r is the

] —a—

radius of the circle of
confusion, the modulation
coefficlent equals 1.

If the error angle

e > r/f, the overmodula-
tion of the flux from

. - the object is observed,
I'ig. 5.,7. Phase analyzer made on the in which regard the

basis of a fixed modulating diaphragm  gignal has the form of

. a)

with apertures: a. diagram of the individual bunches of
optical system; b. fixed modulating pulses of frequency fear
diaphragm; 1. main mirror of the ob- and the recurrence
jective; 2. secondary mirror; 3. in- frequency of these bunches
¢lined rotating mirror; 4. fixed equals fepy.

modulating dlaphragm; 5. receiver.

The considered
scheme of an analyzer
permits accomplishing

& £,56,%0 the selection of objects from angular
hﬂ ANANA ﬂ [\ IATATA [\ [\ QA dimensions since the flux of radiation
from the emitters having large

hﬂﬂﬂ“ﬂa\ﬁéﬁﬂ'ﬂﬂ ﬂh‘* dimensions 1s modulated only on the

h EI 3 £, £,<0 : envelope frequency fenv.

£>0; ¢ - The shaping of the control signal

kT\HTTn/rﬁ?rn%\AT\ﬁ . which characterizes the deviation of

I - e»ae the object from the optical axls 1s

, PUATAN:S i ,ATTH‘\ accomplished with the aid of a system

-t whose block diagram is presented in
Fig. 5.10.

Fig. 5.8. Nature of the g >
change in signals at the The signal modulated by frequencies /145
output of a receiver with p.,y and fepy is amplified by a nar-
different error angles. row-band resonance amplifier tuned on

the fogr frequency. Such tuning can
be accomplished, for example, by
connecting a double T-shaped bridge with a resonant frequency
equal to fear in the feedback clrcult of one of the ampllfler
stages. The typlcal appearance of the frequency response
of such a bridge and the scheme for its connection are
presented in Fig. 5.11. :
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b T - " One more filter is connected in at
' - the output of one of the amplifiler
! stages which does not pass signals modu-
‘ lated only by frequency feny. The role
Z of this filter can be played by a
double T-shaped bridge, but its resonant
: _ frequency equals feny and it is not
. 4 Iz connected In the feedback circult but
Fig. 5.9. Dependence directly between the amplifier stages.
of the modulation co-
efficient on the value The signal which has been filtered
of the error angle. out goes from the amplifier output to
the carrler-frequency detector, where
the signal is discriminated from the
objeet which 1s modulated by frequency fenv. This signal, which
contains information about the pesltion of the object after
amplification, is fed to a separator which can be a collecgor-
type mechanical commutator or a full-wave demodulator using
electron tubes.

|
i
|
1
I
|
i
!
1

Radiation Carrier- Suppressor Carrier Envelope-
receiver 3 frequency of envelopel—tfrequenc frequency
|lamplifier frequency detector modulator
tAutomatic &{pistributor
gain control

Fig. 5.10. Block diagram of the system for
discriminating control signals.

In a number of cases, the shaping of signals which contailn /146
Information about the magnitude and direction of the evrror is
accomplished with the use of phase-sensitive detectors which use
transistors (Fig. 5.12).

In order to assure the operation of the scheme and the
discrimination ¢f the control signals which correspond to the
direction of the error, a sine-wave .reference voltage .in the
same polarity as shown in the diagram is fed to the collector-
base 1ntervals of each trlode. Cirecles ring the signs which
correspond to the second half-period, and those * without circles
are the polarity of the reference voltage during the first half-
period for triodes T1, T2, T3, and T4,
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"‘Aﬁé‘l‘ificatidn'
actor

i

Fig. 5.11. Diagram of a resonance
amplifier: a. connection of a dual
T-shaped filter in the negative
feedback circuit; b. typilecal
appearance of the filter's fre-
guency response, :

] +9 : :
QLY [
73 + 5 T4 iy C’b- Orout

(@ W |

e 19 |
+O ' c2
s T
+ol ﬁ 2 ]
T o | W
| FGH-Za_I -

Fig. 5.12. Basic circuit of a phase-
sensitive detector using transistors.

B
|

Key: a. Reference-voltage generator;
bn Rload---

Reference voltage
Uperp 1s shifted for phase
by a quarter of a period
in comparison with Upefl.
With regard to triodes
T5-T8, these signs
characterize the polarity
of the reference voltages
in the first and second
quarters of the period.

The operating prin-
ciple of the indicated
rhase-sensitive fllter 1is
based on the fact that with
the potential of the base
negative in comparison with
the collector, the triode
becomes conductive in the
emitter-collector direction
as well as in the opposite
direction. Therefore, each

. pair of triodes (T1-T2 and

so on) is conductlve in

those half-periods when

the minus of the reference
voltage is applied to
the base. Each pair of
triodes operates with
its own half of the
secondary winding of the
transformer.

When the input sighal

and reference voltage
coincide for phase, and
their polarity coincides
with Fig. 5.12, then
during the first half-
period, triodes Tl and
T2 are open and T3 and
T4 are blocked. The

/147

—

signal from the output of

the secondary transformer

winding (its upper half)
is discriminated on load
resistor Ris34 1 through
which the current i
flows .
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In the second half-period, the polarity of the reference
voltages and the input signal changes, triodes T3 and T4 are
unblocked, and triodes Tl and T2 are blocked. The signal from
the output of the lower half of the secondary winding (polarity
shown by the signs in the circles) 1is discriminated through
tricdes T3 and T4 1n the same polarity on resistor Ripgad 1
threough which current is will flow. In a similar manner, we can
trace the character of change of the output slignhal over the
second channel with a shift in phases between the input and
reference voltages, equal to /2, and also wlth the arbitrary phase
of the input signal.

The'.operation of the given phase-sensitive detector 1s
similar to the operation of a collector-type commutator and
demodulator using electron tubes. Just as in the demodulators
which have been considered, here the value of the constant com-
ponent which is discriminated over each channel by cﬁreuit‘R-pl
and RpC2, respectively, depends only on the phase of the inplt
signal which is determined by the direction of error.

5.3. Polar Analyzers

In analyzers of this type, at least four radiation receivers
should be used with whose aid the two mutually perpendicular /148
sides are fixed. The indicated fixation can be assured elther
by the direct placement of a four-area photoresistor in the
focal plane of the lens (Flg. 5.13) or by the use of additional
elements in the optical system which permit dividing the radiation
flux and directing it in four directlons. The elements of
analyzers may be a tetrahedral mirror pyramid (Fig. 5.14a) or a
bunched conductor of optlcal fibers (Fig. 5.14b), the input end
of which 1s placed in the focal plane. The bunched conductor
branches out in four component parts, the output ends of which
are placed in front of the sensitive layers of the radiation
receivers, Both these methods of dividing the radiation flux by
direction and, in particular, the latter are extremely conven-
ient when the radiation recelvers are vacuum photocells, photo-
multipliers, and single-area photoresistors.

The radiation receivers of each line are connected in pairs
to the input of two balance photocurrent amplifiers in accordance
with the compensation scheme. Modulatlon of the radiation flux
can be both external (with the use of a modulating device) and
internal (electrical, due to the feeding of an alternating power-
supply voltage of constant frequency and amplitude to the
radiation receiver).

The operating principle of an analyzer consists of the
following.
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If the object is
located on the instru-
ment axis, 1ts image
1s projected to the
gap which divides the
sensitive areas of the /149
receiver (zone of in=
sensitivity) or,after
the dividing elements,
ldentiecal fractions of
the radiation flux
are directed to each of
the four receivers.

In this case, the sig-
nal on the output of
the analyzer 1s not

Fig. 5.13. Basic circult of a polar shaped. The shifting

analyzer: 1, 2, 3, and 4. areas of the o©of the object from the

photoresistor. optical axis causes the
drift of the lmage from

Key: a. Rilpad-«+3 P. Uper the zone of insensitiv-

ity. Let us examine
the operation of the
scheme under the condil-
tion that the radiation
flux from an object
falls on one of the
recelvers. As a result,
a signal of specific
polarity is shaped on
the output. If the

; image is shifted to

’ another receiver, then
the polarity of the

. signal is changed to

- the opposite over one

of the channels.

Fig. 5.14. Methods of dividing the
radiation flux, The compensation
connection of the
receivers and the
electrical modulation of the signals provide the possibility of
taking the modulation factors of radlation flux from the ‘
object and background as equal.to 1. The amplitude value of the
voltage on the amplifier input, caused by the radiation of the
background, will be

Up = Sp1®bl - Sp2dp2s (5.10).
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where Sp7 and Spp are the VGIﬁagéfsénsitiViﬁfé3‘®fvtge~reeeiVeTs-with
respect~to the radiation. of. the background; “bl-and -b2 are the values
of the radiation fluxes.from the background which fall on the first
and second receivers, respectively. Expression (5.10) can be

written 1n the form

Up = Sp1%blkqs (5.11))

Sp1%p1 - Sp2dpe2
Spl-%p1

where kg = is the coefficient of decompensation.

From (5.11), it follows that if the sensitivitles of both
receivers are identical (Sp1 = Spp) and the background is uniform,
the radiation noises at the input of such a device equal zero.

The shaping of error signals over channels, for example, /150
over a line, can be accomplished with the use of single-period
demodulators using semiconductor diodes connected in the output
of photocurrent amplifiers of each line. A reference voltage
is fed to the midpoint of the secondary transformer winding,
the frequency and phase of which coincides with the frequency and
phase of the modulation voltage.

If the input signal Ug equals zero, the voltage between
the cathodes and anodes of the diodes equals the reference vol-
tage. During the positive half-periocds of the voltage, currents
of equal strength (ij = ip) flow through the diodes and voltage
drops across the resistors R will be identiecal in magnitude ‘and
opposlite in sign; therefore, across the. gutput. ofl the .demcdulator,
the voltage will be equal to zero. During the negative half-
periods, both diodes are blocked and the output voltages are also
equal to zero.

When the input signal does not equal zero and arrives in
phase with the reference voltage, the voltage of the alternating
current Ul applied to diode D7 exceeds voltage Up applied to
diode Dp. Therefore, i; > ip. If the phases of the input sig-
nal and the reference voltage are opposite, the polarity of the
output signal changes (Fig. 5.15). Since the input signal Ug
and the reference voltage Uper change in accordance wlth the
law of sines

Upap = Uref mzx S1in wt (5.12)

Us = Ugmax 8in (wt - Vs (5.13)
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where
¢ = 0 rad, 2m rad (0°, 180°),
then adding them, we obtain

Uy (Upef max * Us max)sin wt; (5.14)

I+

I

Uy (Upef max * Us max)sin wt. (5.15)

The constant component of a rectified current with a
capacitance connected 1n parallel with the resistor will be

 Up g
zD:“R;‘ (sin p—pcos ), (5.16)

where R% is the internal resistance of the diode; ¢ is the

angle of' cut-off which is determined by the relation
i o !
| =4arccos R _ arccosZe .

i

Un Uy |

Up is the constant component of a rectified voltage.

From these relations, it follows that

therefore,

I+

Ugy = ku(Upef max * Ug max)s

US max) .

I+

Up2 = ky(Upef max

and the output voltage of the demodulator will‘bé

Uout = 22K Ug max (5.17)
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Upe Uref " For-the shaping of error
N\ /\ signals over the second
Ug P it channel (in a mutually
\\’/ \S;% \\‘// N\ - perpendicular plane) ring-
e L}ﬁf\\\v//fﬁ\§: J/F\\x,/ﬁ; ' type rectifiers using
' /f\\ Vor semiconductor diodes are
TN connected at the output of
Y- wt g - Cowb line demodulators. The
; _ | principle of dlscrimina-
I \\,/ e = tion of an error signal
! tr\\ /f\\ z \\j/ over this channel is
i the following.
i wt b \/ wt g
Flg 5.15. Curves of voltages on __ VWhen the image of an
various elements of a demodulator: object is projected

a. phases of signal and reference between lines, the output

voltage coincide; b. phases of sig-  voltages of the demodula-
nal and reference voltage are tors equal zero, 1i.e.,

opposite to each other. Uzl = Upp = 0. If the
image of the object is

located on one of the
receivers (1 or 2) of the first line, then Ug2 # 0. As a result,
behind the ring-type rectifier, the potential of point a will
be higher than the potential of point b, regardless of on which
receiver of the first line the image of the object is located.
The passage of the image to either of the recelveérs. (3 or ¥) of
the second line makes the potential of point b higher than the
potential of point a and the polarity of the output signal Uy
changes to the .cpposite.

The merit of the analyzer considered is a high degree of
freedom from interference by a uniform radiating background. The
shortcoming of the method is the independence of the error
signals from the value of the error angle.

5.4, Scanning and Search Systems in Eleetro-optical Egulpment /152

Scannling and search systems find wide application in electro-
optical equipment~for various .purposes. “For the “detection of -
radiating objects, the necessity often arises for their search
in large zones of space., Attempts simultaneously to cover the
entire scanning zone lead to a considerable increase in the quan-
tity of false information, interference, and a reduction in the
operating range due to the incidence cof background radiation in
the lnstrument and so forth. Therefore, to reduce the influence
of the background and increase the range of operation.df the
system, attempts are made to see that at each moment in time
the smallest possible region of space is projected on the radla-
tion flux receiver,
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Thus, it 1s necessary to scan a.large zone of space but,
from the point of view of the technological capabilities of the
equipment, the dimensions of the zZone being scanned at a given
moment in time should be the smallest possible. This apparent
contradiction is resolved by the employment of optical systems
with small angles of 1nstantaneous field of view successively
directed to various sectors of space within the limits of the
required region. Hence follows the designation of the scanning
system which serves to assure the scanning of a given region of
space by means of the successive displacement of the instanta-
neous fleld of view, in accordance with a specific law.

Scanning and search systems are classified by the scanning
principle (by type), by type of trajectory of the instantaneous
field of view, and by the scheme for accomplishing the scannlng.

The following systems are distinguished by type of scanning:

- The simple scanning systems (with one fixed receiver);

- Raster systems in which the partitioning of the fleld of
view 1s accomplished with the use of a raster (coding
device) located in the planeof the image;

- Systems with mosaic radiation flux receivers.

In accordance with the law of displacement (nature of
trajectory) of the instantaneous fleld of view in space, the
following types of systems are distinguished:

- Line scanning;

- Line-frame scanning;

~ Conlecal-rotational and conical-progressive scannlng:

- Spiral scanning;

- With cycloidal and rosette trajectories of movement of
the instantaneous field of view.

According to the scheme of accomplishment of the scanning,
systems of scanning and search are divided into three basic
groups: optomechanical, eleetro-optical, and electronic.

The displacement of the instantanecus field of view in space

over one trajectory or another 1s accomplished by the displace-
ment of the followlng elements and devices:

- By the displacement of the entire receiver;

- By the displacement of the entire optilcal system or
objective;

- By the rotation (oscillatory motion) of one or several
elements of the optical system;

- By the displacement of the radiation receiver and also
by the commutation of the sensitive elements of mosaid
receivers in a specific order,.
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Until recently, optomechanical scanning systems received
the greatest popularity in electro-eptical equipment. Electronic
Scanning systems are finding employment. The employment of
electron-optical and piezcelectrical scanning systems is
beginning.

The basic characteristics of a scanning and search system

The angle of instantaneous field of view 2Wy;

The scanning angle or zone ~- 2Wge or 2Wig, and Woges

The trajectory and law of displacement of the instan-
taneous fleld of view in space;

The scanning period Tg;

The overlap coefficlent which characterizes the fraction
of repeatedly scanned space;

The efficiency of the cycle which determines that portion
of the scanning cycle when useful information arrives in
the instrument;

The time constant of the scanning system (including the
radiation receiver);

The probability characteristics (probability of nontrans-
mission of the target, instantaneous probabllity, search
effort).

To assure the dependable operation of the instrument, the
following requirements are made of the scanning system:

Scanning the entire space in a given scanning zone without
gaps;

Minimum duraticn of scan of the required zone of space.
Observance of this requirement is especially I1mportant in
the detection of moving objects which can dlsplace so much
within the limits of the scanning zone durlng the time
between two successive scans that they will not be
detected by the instrument;

The ddration of the time interval when the object is withi
the limits of fthe instantanecus fleld of view should be
sufficient to obtain the necessary quantity of information
about 1t;

The scanning system should assure high resoclution for
angular coordinates;

The scanning system should be simple in deslgn, depen-
able in operation, have small overall dimensions and
mass, and be free of large dynamic overloads.

Some of the simplest are systems with line scanning of
space. ‘
successlvely scanned one after the other, the angular width of

In the line scanning method, sectors of space are

n
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which equals the angle of instantaneous field of view, and the

length is determined by the size of the scanning angle.

The

passage from one line to another is accomplished by displace-

ment of the instrument carrier.

Let us consider the diagrams presented in Fig. 5.16.

The

carrier (SC) moves at altitude H with veloecity V relative to

the earth.

The direction with relation to which the scanning of

the lines 1n space is accompllished comprilses some angle o with

the veloclty vector of the carrier.

The scanning of space 1is

performed by the displacement of the instantaneocus fileld of view
of a system with size 2Wy1-:2Wyp within the limits of the

scanning angle 2Wge.

The linear dimensions of the instantaneocus field of view
on the earth's surface without consideration of its curvature

can he found from expressions

an =

where Lo is the initial slant range.

BN - Eaoalion ¢ ompamessaumye 1 w
,  Bopzlane 1 3eAgAdML

OMOLHORRE LML —~
\ ﬂpue.p'w‘z
,‘ Obvexmull 3
? JAREAN |
AR / \

X =\
! np.‘.'.‘Mn':dK 2 .

bg‘ - -

Fig. 5.16. Diagrams of scanning sys-
tems of eleectro-optical instruments:.
a., axis of rotation of the drum paral-
lel to the optical axis; b. axls of
rotation of the drum perpendicular to
the optlecal axis.

1. Drum with reflecting mirrors;

Key:
2. Receiver; 3. Objective

0

With the use of
a single-element radia-
tion receiver in the
instrument scheme, n
lines will he scanned in
space during each
revolution of the drum.
If a linear mosaie
receiver consisting of
m sensitive elements (a
so-called "comb™) is
used in the instrument,
then each surface of the
drum simultaneously
accomplishes the scanning
of m adjacent lines, and
the overall number of
lines scanned during one
revolution of the drum
will be mn, Let us
point out that with the
simultaneous scanning
of the lines, diffi-
culties arise in the
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recording and processing of the information; therefore, the
equipment becomes considerably more complex.

In order to obtain information about each object located
in the scanning zone at the output of the radiation receiver, the
scanner should assure the finding of the object within the
limits of the instantaneous field of view during a segment of
time determined from the condifion

At11 > KkqT (5.18)

where Atj] 1s the time of i1llumination of the receiver by the
radiation flux from a given object, l.e., the time when this
object 1s located in the field of view of the instrument; rt

is the time constant of the receiver; k¢ 1s the positive
coefficient which characterizes the exceeding of the duration

of the illumination of the receiver by the radiation flux of the
object in comparison with the time constant.

If the frequency of rotation of the scanning element 1is
N/sec, the number of scanning elements of the dissociation scanned
by the instrument in 1 sec is

o
Q"zwgf'J (5.19)

and the time of influence of the radiation flux from each point
of space being scanned on the instrument will be

et P
ST =N (5.20)

With consideration of condition (5.18), we obtain the
expression for the maximum permissible rotation frequency of the
scanning element which is determlined by the time constant of
the receiver

%
v

(5.21)

But the linear width of the terrain sector scanned by the in-
strument from flight altitude H during one revolution of the drum
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comprises

_!=—-2W;D,.Hmn..‘\ : (5.22)

On the strength of the requirement for the contact of ad-
Jacent lines, it 1s necessary that the scanning rate, i.e., the
width of the band scanned by the ilnstrument in 1.”%'sec;, be no
less than the speed of flight of the carrier

VL 2W HmnN.

From this relation, we obtain the expression which deter-
mines the minimum allowable frequency of rotation of the scan-
ning element with which the scanning will be accomplished
without gaps

v
T
7 oWy Hmn

(5.23)

or, with consideration of the overlap of adjacent lines,

.2
2 o,
= ﬂKnHmn‘]

(5.23a)
where b is the coefficient of overlap (0°< b < 2).

= Formulas (5.21) and (5.23a) show that both the upper al-
lowable limit of rotation frequency determined by the value of
the time constant and the lower limit caused by the requirement
for the contact of adjacent lines exist. Furthermore, the
frequency of rotation of the scanning element is limited by
mechanical possibilities. A frequency of rotation of 3000/sec
is taken as such a limit for optomechanical systems with
reflector size equal to 300 mm.

If we consider the extreme cases in formulas (5.21) and
(5.23) then, equating their right sides to each other, we obtain

. nkV
W=V e (5.24)
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and, by the exclusion of W, from (5.21) and (5.23a) and their
301nt soluticon, we find

N - v
o l/?:tnmk‘r!-! (5.25)

As applicable to the scheme for the scanning system pre-
sented Iin Fig. 5.16b, the type of relations whiech connect the
flight parameters with the characteristics of the instrument
are maintained as approximately the same. The difference is
caused by the change in the direction of displacement of the
scanning element, as a result of which the sighting ray will
displace at a rate twice as great in the latter scheme with the
rotation of the drum. In this case, formulas (5.24) and (5.25)
take the form

WV:]/Hmn (5.26)

N= ]/—“‘“‘““—m}nm,a - o (5.27)

The latter relations permit calculating the basic param-
eters of the scanning system which satisfies the condition of
contact of the adjacent lines.

Of the values which determine the indicated parameters,
some are given (V and H) and others, for example ki, cannot be
taken as less than a specific value which will be equal to 2.
The designer can only vary three parameters of the scanning
instrument and, wlth their use, should assure the solution of
the assigned problem.

The maximum allowable value of the angle of instantaneous
field-of¥iew is determined by the required resolution of the
system, and the minimum by the time constant of the receiver and
the relationship of the altitude and speed of flight of the
carrier.

To reduce the rate of rotation of the scanning element
under the condition of assuring the scanning of space within
given limits, we strive to increase the number of reflecting
surfaces of the scanning element.

The maximum number of reflecting surfaces of the scanning

element used in the scheme (see Flg. 16a) can be found from the
formula
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30 ' or N (5.28)
A T ! .5 A ’
i 2Wscj m Wae |

andas applicable to the scheme (see Fig. 5.16b), with considera-
tion of the double velocity of the reflected beam, from the
exXpression

. S !
A _ .2
2 or I, Voo - (5.29)

- 360.
o=

“To geparate -the lines and return the eleetroniec circuit
to the initial state prior to the start of the next line, \
it is necessary to provide for some reserve of time
allotted to the scanning of each line. Thils 1s equivalent
te the system accomplishing scanning withdn Iimits ; \
of the angle W'se = Wge + AWsc.

With consideration of the reasons which have been presented,
expressions (5.28) and (5.29) take the form

[~ 180 -

Mz W.act aWge J OF Tlrmee= Wse (5.30)
Moy = ‘ or nmax=_ Wac -t (5 .31)

The dependence of the maximum number of reflectfling sur-
faces on the value of the scanning angle with various values of
AWse, as applicable to the variations of scanning schemes being
consaidered, is presented in Table 5.1,

With consideration of (5.30) and (5.31), formulas (5.2%4) /158
and (5.26) take the form I

Wy, = /”' TEVse (5.32)
P !
R Al | (5.33)

and express the relation between all basic parameters of the
scanning system and also the height and speed of flight of the
carrier.
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TABLE 5.1

Varlﬂ“ . Scanning gnglefﬂwsdf'
ations AW = T

8¢ 0.2

0.35 | 0,52 1 0,70 | 1.05 | 1,24 ] 1,57 { 2,10

AWge =0 0.418{0.313 0,208 0.156]0.105;0.087 0 .070[0.052

Wge=01Ws¢ ’o .400]0 ,295(0.208(0. 140!0.057’0.070 0.052[0.052

;ig ‘ AWse=02Wge  [0.362 0.295]0.1920,140]0.0570.070]0.052 0,035
5160 | AWge=04W g0 oampgmpJEOanﬂwbﬁijapﬂw
AW ge=0 0,83[0.626[0. 41810, 313}0 2080, 175:0.1400,105

. Wsc=01Wsc  [0.800)0.590(0. 400,290, 192]0.156]0. 12200.108

see Wse.=02Wge  [o.7650. 5730 382]0 288[0.192[0. 140 0.122]0,087

e ' gllg%. AWge=04W sc ]o.'m lﬂ.q? _|u.3ao|o,26_ 10.17510.122 0.10510.087

e

The basic merit of the line-scanning systems consists of the

relative simpliecity of the design execution of the scanner.

A shortcoming of the considered line-scanning systems'is

the necessity for the strict correspondence” between. the -freguency of

rotation of the scanning element and the speed -of flight of the
carrier with a given overlap of the lines.

Another substantial shortcoming is the presence of large-
size rotating elements. We will show this by the example pre-
sented in Fig. 5.17.

The image of space being scanned will not be vignetted by
the optical system in the case where the entrance pupil of the
obJjective will be inscribed in the cross section of a pencil of
rays reflected to the objective from a mirror with a change in
the position of the scanning element within required limits.

If the distance between the axls of rotation of the scanning
element and the optical axis of the objective 1s designated by
a, the indicated condition can be written in the form

?Oﬁ*ﬂ@>[”2 for the extreme position of the scanning . (5"3ﬁ)
Ol +a>Df2 |' element (5.3
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Having examined Fig. 5.17,
we can write

Oh=Rcosd| and gy,

=Rsiﬁ ‘y.lJ

; Adding term by term and
! subtracting the indicated in-

equalities, we find

Fig. 5.17. For the determi- R{—siny+cosd)>D; | (5.35)
nation of the dimensions of . ‘
the scanning element of the 2a < R(cos 8—sin y), ’ (5.36)

scanning system.

where

| i .
i y=n—a—

== f24 -%'—ﬂ; l

I: ‘6:8-—:{/2—*{:—3—-}-&—-:1.

Substituting the values y and § 1n expressions (5.35) and
(5.36) and making :certain transformations, :we obtain

_ D )

R>—2 \ (5.37)
1 2-sin — sin a
« 2

: gaéﬁRcos—%—cosa ‘and.. 212{—.%““‘;“"&“‘ (5.38) (5.38)

In formula (5.37), the variable is the angle «, which
characterizes the position of the plane of the mirror reflector
relative to the optical axilis of the objective. The maximum /160
values of this angle can be given by the expression

u_—:uo.!__‘zs:c_'-,’
= 2

where a0 is the angle which determines the position of the mirror
at which the middle of the scanning zone is projected on the
radiation receiver.
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Inasmuch as always o > m/2, vignetting is most dangerous
with the greatest angles o. Therefore, in order to exclude
vignetting, 1t 1s necessary to accomplish calculations by
formulas (5.37) and (5.38) for the case a = op,y = ag + Wge/2,
l.e.,

D o
= 2 sin b/2 sin {ag+ W gg/?) ’ : (5- 39)
D8 Wo
2 . AR
e< 4'7°—‘%t7§'°°‘t(a°+ 2 ) (5.40)

The minus sign in the inequality tells us that the optical
axis of the objective passes below the axis of rotation of the
scanning element.

Having examined Fig. 5.17, we can write

whence, with consideration of (5.39), we find

0 . - D
Anxr sin (ao + WSC/Z)

This relation shows that the length of the reflecting mirror
depends both on the size of the scanning angle and on the
angle which characterizes the initial position of the mirror sur-
face of the scanning element. It is completely obvious that
the width of this mirror should be at least the diameter of the
objective. Also obvious is the necessity to satisfy the
condition

6 > Wse

The parameters of theumirror drums calculated from formulas
(5.39) and (5.40) (see Fig. 16a) with 2Wg, = 60-1.74-107< rad
and o = 135-1.7’11-10‘2 rad are presented in Table 5.2.

From the table, it can be seen that even the diameter of

a single mirror should be considerably larger than the diameter
of the objective, not to mention the mirror drums.
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TABLE 5.2

Number of reflecting surfaces and 15 - :
- 2(0==180X §3(6=120X | 4(8=90 | 6(6=60

angle 6 corregponding to this, (Xmem—gxfj+;&q)x1$44&q)x1§+uﬁ%

ra : . ;
Diameter of mirror drum expressed | 2p, 2.4p, | 2.86D, D,
in terms of the diameter of the - - 1. 1 .
objective 7 - i
‘Distance o between axes expressed | 0 —0.5D | —0.866D —1.5D
in terms of the diameter of the i :
objective

. | 20

Length of one mirror of the drum | .
Width of each mirror ;‘ , b - ;

Another shortcoming of such scanning systems is the increase
in the width of the band belng scanned from the center from the
edge of the scanning zone. If we disregard the earth's curva-
ture, then with the deviation of the instantanecus field of view /161
from the normal, the width of the band being scanned will change
in accordance with the relation

where Lp is the width of the band being scanned during observa-
tion along the normal to the surface; o is the angle of
deviation of the l1nstantaneous fleld of view from the normal.

With consideration of the curvature of the earth's surface,
the width of the band being scanned with the deviation of the
instantanecus field of view changes according to the law

1 ! 2WV:’ (5.“1)
Ta ’
cosa wsa

la:lﬂ

where a=Rcosta—H sin?a— Y (Rcos® e — H sin?af— H3sin*a,
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Let us point out that the second component with angles
a < 45.1.74-10-2 rad does not exceed 5-6 percent, and therefore
need not be considered in a number of cases.

Along with the examined methods, line scanning of space
can be accomplished with the use of multielement receivers or
linear mosaics. A mosaic consisting of Q sensitive elements is
placed in the focal plane of the objective in such a way that
the required sector of space or terrain is projected on these
elements.

The scanning of space by line is accomplished due fo the
commutation of the radiation receivers -- ftheir sequential
connection to the input of the amplifier. The passage from one
line to another occurs with the displacement of the carrier
(Fig. 1.18).

Naturally, the instantaneocus field /162
of view of the instrument 2Wy in this case
is limited by the dimensions of the sen-
sitive layer of a separate receiver. If
all elements are commutated N) times per
second, width £ of the band scanned during
this time willl be £ = Ly1peN, where Liine
is the width of the band on the terrain
scanned by the instrument at a given moment.

Considering that £1ine = ZWyH, we
write the condition for the contact of
adjacent lines in the form

| il
AV, AN AU

Fig. 5.18. Princi-
ple of scanning :
space in a system V=N2W, H,
with a mosaic re-

celiver. whence we obtain

B
1

v |
ﬁ*é'waﬂ " (5.42)

On the other hand, to satisfy the condition ti; > krT, it
is necessary that the following condition be satisfied

whence it follows

(5.13)
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Thus, the number of commutations of each element of a line
1s determined by the inequality

L

PIQ 7 W, H |

We note that the employment of such mosailcs in comparison
with the employment of single-element scanning instruments per-
mits employlng receivers with a large time constant along with
the exclusion of large-size rotating parts.

A substantial shortcoming of the system being examined 1is
the complication of the electronic system due to the presence of
a commutator.

A common shortcoming of all scanning instruments with line
scanning intended for the observation of ground objects 1s the
fact that radiating objects are observed at various ranges which
depend on the position of the object wilthin the 1limits of the
scanning angle. This circumstance leads to the difference of
signals from identical objects arranged in different;places of
the scanning zone. Furthermore, with an increase in the angle
of deviation of the instantaneous field of view from the normal,
along with an increase in the distance to radiating objects, the
thickness of the absprbing layer of the atmosphere in the path
of propagation of the radiation flux increases. This furthers

an even greater attenuation of the radiation flux from the cbject

and a reduction in the signal at the output of the receiver.

Systems with a conical scanning of space (Fig. 5.19) can be
considered dev01d of this shortcoming. In these systems, the
‘ instantaneous field of wview of the

direction, called the scanning axis. In
| instruments intended for observations of
5 the earth's surface, this axis is
combined with the direction of the local
vertical. 1In the general case, the
instantanecus fleld of view 1s deflected
from the axis of rotation by the angle
0. Inasmuch as the angle o remains
constant during rotation, the dimension
of the area of the earth's surface pro-
. Jected on the receiver at each moment
Fig. 5.19. Prin01p1e in time also remains unchanged (if the

of scanning space 1n axis of rotation coincides with the
systems with conical normal to the earth's sphere). The
scanning. basic relations between the flight
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parameters of the carrier and the characteristics of the scanning

instrument can be obtained from the following considerations.

If the instantaneous field of view rotates with a rotation
frequency of N/sec, the linear rate of 1its displacement over
the earth's Surface (without consideration of its curvature) is

Vy=2aNHtan o tl , (5.44)

The angular velocity of the instantaneous field of view,
determined by the expression

H
cos o

earth's surface with consideration of (5.44), turns out to be
equal to

is the distance from the instrument to the

where L =

‘ onN H tano ) ;
Ay, = =21 N sin a. ‘
‘ L . ‘, (5.45)

Considering the size of the instantaneous field of view in

the direction of rotation equal to 2W! and knowing the angular

velocity wy, we find the time of illumination of the recelver
by an emitter within its. range.from-the formula

'\fil‘“z \iV — u?V .‘:
- w-y N sina

Hence, on the basis of condition (5.18), we have

Wy . . .
N —ar or Wyp=ANnkrsina. !

"‘g:tk“rsinu N ) | (5’46)

From the condition of the contact of adjacent lines, the
rate of scan should be at least the speed of flight, i.e.

NIV,
(5.47)
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where £ 1s the width of the circular zone scanned by the in-
strument on the ground during one revolution of an instantaneous
field of view. It is not difficult to show that

- |
= 2HWV.'1

cos?a (5.48)

where 2W} 1s the size of the Instantaneous field of view in a
radial direction. Considering the last expression, from (5.47)
we have

g -
N> Vcos'o.

2HW;

(5.49)

Thus, the rate of rotation of an instantaneous field of view
should satisfy the conditilion

w

v r Vcos?a
rwsna = 2 mw, (5.50)

With a square field of view (W} = Wy), from (5.50) we obtain

; ak TV sinacos?e

: ———— !
_ V cos2a |
Ar_l./‘ZanJsinn. f {(5.52)

In a number of cases, when the satisfaction of the condi-
tion of contact of adjacent circular bands is not mandatory,
for example, in plotting devices for the local vertilcal, re-
lations (5.ﬁ6) are used to establish the connection between
various parameters of the Instrument. However, here, in con-
trast to previously examlned scanning systems, the value of
coefficient k; can sometimes be faken as not only less than 2,
but also even 1. This is determined by the threshold sensitivity
of the entire instrument, the amplification factor of the /165
glectronic circuit, and other factors.

Variations of the schematic solution of scanning systems
with conical scanning are presented in Pig. 5.20.
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Fig. 5.20. Variation in the
schematice scolution of scanning
systems with the conical
scanning of space: a. with a
flat mirror; b. with a rota-
ting wedge; ¢. with a rotating
off-axis parabolic mirror; 4.
with a rotating fiber bunched
connector; 1. objectlve;

2. scanning element; 3. radia-
tion receiver; 4. trajectory
of the instantanecus f1&ld of
view.

5.5. Scanning and Search Systems
" Based on the Use of Fiber
Optics

The use of fiber optics
in scanning and search systems
permits realizing various types
of scanning comparatively simply.
In this, the shortcomings
inherent in the scanning systems
which have been considered are
eithercompletely excluded or
attenuated considerably. The
use of fiber optics permits
excluding from the instrument
schemes large-size rotating parts
and devices, and -also increasing
significantly the time efficiency
of the scanning system.

As an example, let us con-
sider an electiro-optical in-
strument with line scanning. A
diagram of such a scanning de-
vice c¢an be presented 1n the
form shown on Fig. 5.21. Its
composition dncludes an objJective,
fiber converter, cptical com-
nutator, and radiation receiver.
The role of the scanner itself
is played by a fiber image
converter and optical commutator.

The fiber converter is a
device which assures the change
in the shape of the image from
a line to a ring. TFor this, the

input ends of the fibers are collected in a bunched conductor
having in its cross sectilon the shape of a greatly elongated

rectangle.

Tts small dimension is determined by the size of the

angle of the instantaneous field of view, and 1ts large dimen-

sion by the size of the scanning angle.
fibers are assembled in a ring whose dimensions depend on the

The output ends of the

parameters of thetoptical system, scanning angle, and angle of

instantaneous fleld of view of the instrument.

With such a

design of the converter, the image of the line is modified dinto

a ring.

If, with the use of the optical commutator, the radia-

tion which emerges from the converter successively from each
sector of the ring is directed at the radiation receiver, the
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4 the entire line will be

- 5 scanned during one revolu-
- | tion of the commutator.
g;b T The role of the commuta-
=5 tor can be accomplished
either by a lens optical
system with a diaphragm or
by a bunched conductor
which rotates relative to
the optical axis of the
objective.

unsill:llllli!;?h% >

In the focal plane of
| the objective, we can

| place not one, but several
: lines which will be col-
lected into one ring
successively one after

the other at the output.

The width of the band /167
scanned by the instrument
with the presence of m
lines is determined by
the expression

/[ =
/ St ZAT
R ] 2 = 2W,mH,

Fig. 5.21. Diagram of the scanning
system with a fiber converter.
and the width of the zone
in angular measure

W= 2Wym.

If we designate the frequency of rotation of the optiecal
commutator by N, then on the strength of the condition for the
contact of adjacent bands with a given speed of flight of the
carrier V, we obtain the following relation

>V _ CR
/QWHm-‘ or N> Wom |

(5.53)

The number of scanning elements in the. Image:in the given case is
described by- theweguality. - :
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Q=m ¥so (5.54)
IFV ;

The number of scanning elements..of whilch-.are:scanned. by .the system

in-a.gsecond will be

W
= = Nm =3C_
Q=NQ m .

whence the time of 1llumination of the receiver with one element
turns out to be equal to

i
Q NmWgc (5.55)

. |
= v ¥ . |
‘ |

At =

From (5.55), with consideration of condition (5.18), we have

.
N < gemwoye (5.56)

This relation determines the maximum allowable rate of
rotation of the optical commutator on the strength of the time
constant of the receiver. Equating the right sides of relations
(5.53) and (5.56), we find

—— | . i —— |
: kW, Vi 1
— = rse” | —_
‘VY*I/‘ o \ or w@f—v/.Qkvaséé

The expression obtalned provides the opportunity to cal-
culate the maximum allowable dimensions of the field of view of
the scanning instrument with 1ts given parameters and flight
characteristics.

(5.57)

If we exclude Wy in formulas (5.53) and (5.56), then,
golving them together, we obtain

B e vl ' :
N= —_——— | N = —_—
» 2HmU W g¢ IL or ]/%”e"wsc l (_5 .58)
: H |

—
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Thus, in order to obtain information about all radiating
objects located in a given scanning band with a specific receiver
Time constant, the rate of rotation of the optical commutator
should satisfy condition (5.58).

Let us show that with the use of scanning systems based on
the employment of fiber optics, the masses and dimensions of the
rotating elements are considerably reduced. As an example, let
us calculate the parameters of the converter and the commutator.
If m 1lines of a fiber converter are placed In the focal plane of
the objective, the overall number of séanning elements is
determined by relation (5.54). °

Considering that the area of one element of the dissociation
is Agl, the overall surface of the recelving end of the fiber
converter in the focal plane will be

Ag . p. = QAg (5.59)

where a is the size of one scanning-in.:the focal plane.

Inasmuch as a = 2f'Wy, substituting the values of the quan-
titles in (5.59), we find m = 1

2 Wec_ CF-Wgp .
S Eo % Wy Wee=4/"WoW o (5.60)

Since the output end of the converter has the shape of a ring,
its area can be found from the expression

Aring = 211'[36, (5.61)

where p is the mean radius of the ring; § is the width of the
ring in which the output ends of the converter fibers are
collected.

In the employment of cylindrical fibers in the converter,

the areas of the surface of its input and output ends are
identical, i.e.,
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Az .p. = Aring.

With consideration of (5.50) and (5.61), we obtain the
relation for the determination of the value of the radius of

the converter ring

27w w
LA (5.62)

nd

If an objective with a focal iength f' = 500 mm is employed
in the instrument and the angle of the instantaneous field of
view and scanging angle respectively equal 2Wy2' and 2Wge =
= 40.1.74+107° rad, then with § = 5 mm, on the basis of (5.62),

we obtain p = 30 mm,

Thus, the only rotating part 4n the instrument -- the /169
optical commutator -- has a comparatively small diameter.

The description of scanning systems with cycloid and spifal
scans 1s presented in work [4].
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CHAPTER 6. ELECTRO-OPTICAL INSTRUMENTS: FGR_THE:ORILIENTATION .OF
SPACECRAFT

6.1. The Purpose and Classification of Orlentation Instruments

The orientation and stabilization of a.spacéecraft.in. space are
necessary both for the solution of navigational problems and
for assuring the normal functioning of equipment for specific
purposes.

The orientation system, being a part of the system for the
control of the SC, glves 1t a specific position in space and
holds it in this position during the required time interval.

The orientation system permits:

- Accomplishing the stabillization of the SC in space;

- Reducing or completely excluding rotation relative to the
center of mass;

- Orienting an orbital SC relative to the earth's surface
in the accomplishment of observations and the conduct
of meteorological reconnaissance;

- Orlenting the SC in the accomplishment of astronomic
observatlions;

- Orienting the SC before turning on mid-course propulsion
systems during orbital and interplanetary flights;

- Accomplishing the constant orientation of the panels of
the solar batteries in the direction of the sun;

- Assuring the orientation of the directional antennas toward
the earth or other objects during communication: - -

- Accomplishing the orientation of unmannéd- interplanetary
probes -(UIP) during.flights to other planets;

- Orlenting the SC before turning on the retrofire rockets
during landing;

- Assurlng the orientation of the SC during the accomplish-
ment of an approach 1n space and the mutual orientation of
the SC in the executlon of docking and se forth.

Both passive as well as active methods of orientation can be
used for the accomplishment of orientatlon. Passive methods,
based on the use of the gravitational field, light pressure, andseo’ /170
forth are characterized by small values of the orienting moments.
A method based on the use of the gravitational field is beginning
to find application.

Of the active methods, the basis of which is formed by the
creation of orlenting moments due to on-board sources of power
(inertial, radiation, radar, and so forth), the greatest
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Propagation has been recelved by methods based on the employment
of various electro-eptical instruments.

Depending on the missions accomplished by the SC, its
orientation may differ. The most widespread type of orientation
of orbital SC is their orientation along the vertical and the
course. In this case, the 3C turns relative to the axis which
is normal to the plane of orbit and remains stationary relative
to the plane of orbit, i.e., it does not rotate around the local
vertiecal.

A widespread type of orientation 1is single-~axis orientation
on a heavenly body when the SC has the possibility to rotate only
around the axis directed at this body, remaining stabilized for
the other two axes. We can point to orientation in the direction
of the sun, moon, or a planet as examples of such orientation.
Often such a type of orientation is used to assure the operation
of solar batteries.

In general, the orlentation system has three control
channels in i1ts composition, each of which includes measuring
devices, amplifier-converters, and slave elements.

The operating principle of the orientation system consists
of the fact that the measuring devices or data units generate
error signals of the position of the axis being oriented relative
to the given direction.

Next, the signals go to the amplifier-converters which
directly control the operation of the slave elements. As a result
of the action of the latter, the required orientation of the SC
is attalned relative to reference directions. Depending on
specific conditions, the direction to the edge or to the center
of a heavenly body or the directlon to a star are selected as such
reference directions.

In accordance with the initial astronomic reference point,
eléctro-optical orientation instruments can be dividéd inte the
following groups:

- Instruments which use the earth as a reference point;

- Instruments which use some planet as the initial reference
polint;

- Instruments intended for determining the direction to the
sun;

- Instruments which determine and fix the direction to
individual stars or stellar fields.

In addition, there ekists a division into groups according /171
to the band of the radiation spectrum used for work:
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- Instruments which use the low-temperature radiation of
planets and which operate in a broad band of the infrared
region of the spectrum;

- Instruments which operate in the visible band of the spec-
trum and use the intrinsic radiation of the sun or the
radiation of the sun reflected from the moon and planets;

- Instruments which operate from the visible radiation of
the stars;

- Instruments intended for operation from radiation which
lies in a narrow section of the spectrum (radiation of a
laser, radiation of the carbon dioxide layer of the
atmosphere).

In accordance with the type of 3SC, the following types of
instruments are distinguished:

- Instruments for systems for the control and orientation of
orbital SC both during flight in orbit as well as before
descent to the earth. (Here, we refer to varilous types of
resolvers of the vertical on board the SC, instruments
for orientation of the longitudinal axis of the SC relative
to the velocity vector, and instruments for the orientation
of the SC from the sun and earth);

~ Instruments of systems for the control and orientation of
SC during interplanetary flights. (Here, we refer to
systems for sun-star orientation, soclar orientation, and
instruments for orientation on the earth and planets);

~ Instruments for orientation of the SC which are used for
the execution of a controlled approach.

The last section of this chapter will consider the principles
for the operation and design of electro-optical orientation in-
struments for various purposes as applicable to the latter classi-
fication.

6.2. Pulse Sensors of the Horizon

In a number of cases, stabilization of the 3C in space is
accomplished due to its rotation relative to one of its axes. A
rotating SC stabilized in inertial space will continuously change
its oriéntatlon relative to the earth. In order to determine
the poslition of the axis of rotation of the SC relative to the
local vertical, a pulsed electro-optical horizon sensor with a small
field-of-vision angle is installed on board. The optical axis of
the sensor comprises a right angle with the axis of rotation of the
SC. As a result, with the rotation of the SC the field of view
of the sensor will describe a complete circle, periodically inter-
secting the earth's surface. The sensor is an instrument
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consisting of an obJectlive in whose focal plane a radiation
recelver is installed and an amplifying electronic circuit. With
the intersection of the boundary between space and the surface of
the earth by the instantaneous field of view, signals will arise
on the output of the sensor. From these signals, the time inter-
vals may be obtained during which the field of view id directed

at the earth and into space. The angle between the axls of rota-
tion of the SC and the local vertlcal is determined from the
relationship of the time intervals, which provides the opportunity
to determine the coordinates of the sectors of the earth's surface

/172

scanned by the satellite’s apparatus from the known orbit parameters.

Fig. 6.1 shows the position of a .

spacecraft which is stabllized by rotation

relative to axis bb' and which rotates
through an orbit with altitude H. As
a result of the rotation of the SC
around axis bb', the earth's surface
willl appear in the sensor's field of
view at some moment of time tj and

during interval

At] =t2——t1. ]‘

=

After interval Aty at moment tig,
the sensor's field of view willl again
Fig. 6.1. Diagram of approach the horizon and will be

the determination of the  girected at the earth and so on, in
position of the axis of which regard

rotation of a vehicle
pelative to the loeal

vertical, Aty=ty—ty. |

The relationship between intervals At] and At2 permits
finding the size of the angle of rotation (28) of the SC when the
earth remains in the field of view of the horizon sensor. This
relation has the form

An_ B
Aty m—B’ T {6.1)

We find the value of angle a, which determines the position
of the axis of rotation of the SC relative to the local vertieal
(using the geometric construection of Fig. 6.1), from the relation
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= greein

VIRHTH | (6.2)

(Re'+ H)-cos §-

where Re is the radius of the earth.

The described method for determining the axls of rotation
of the SC relative to the local vertical found application in

satellites of the "Tiros" types (US).

Used as a horizon sensor

on these SC is a compact (25 mm x 25 mm x 150 mm), light (230 g),
narrow-band radiometer consistihg of a germanium objective,
immersion thermistor radiation receiver, and semiconductor
amplifier. The fleld-of-vision angle of the sensor is 0.0225

rad [34]. Time intervals Aty and At2 are read from the distances
between the positive and negative pulses which arise on the output
of the amplifier with the intersection of the space-earth boundary.
In this, a positive pulse arises with the c¢rossing of the boundary
in the space-earth direction, and a negative pulse 1n the earth-
space direction. A typical appearance of the signals 1s pre-
sented in Fig. 6.2. Information obtained over the telemetry
channel is transmitted to ground processing points where, on the
basis of the indicated records, the orientation of the SC with
respect to the earth 1s determined (the position of the axis of
rotation of the SC relative to the local vertical is determined

with an accuracy of +0.035 rad).

The coordinates of the areas

belng observed. are determlned on the basis of these same records.

ﬂ t‘z _
IL.AAJIA;

L’ AL v

At, At,
T

Fig. 6.2. Typical appearance of
signals of a pulsed horizon sensor.

Signals from on board
the SC are used to feed the
corresponding commands
to turn the measurement
infrared and television
equipment on and off. To
obtain steady stabllization
and satisfactory data in
finding time intervals At
and Atp, the freguency of
rotation of the SC should
be within the l1imits of
360-3600/sec.

From Fig. 6.1., it can

be seen that with some invariable position of the axis of the SC
in inertial space, on some sectors of the orbit the axis of the
horizon sensor does not intercept the earth and the sensor does

not issue any information.

To exclude such a position on later

orbits of the satellites, a block rather than one instrument is
used consisting of two independent sensors whose optical axes
are inclined at an angle of *0.38 rad from the normal to the axis

of rotation.
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Up to the present, I1nstruments which permit immediately
determining the position of the axis of yaw relative to the
local vertical and generating the corresponding error signals
have received wide application in space technology. These
instruments have received the name of local-vertical reselvers.
Several methods for constructing the local vertical are dis- /174
tinguished [32]. They include the following methods: the
method of secants, following the horizon line with the use of
scanning and nonscanning instruments and others.

6.3. Principles and Equipment for Determining the local Vertical
by the Method o Secants’

The method- of secants 1is also based on the use of the
temperature contrast between the earth's surface and outer space
and is used on SC which are stabilized with respect to the local
vertical for the determination of the position of the axis
being oriented (usually the axis of yaw) relative to the local
vertical and tThe generation of the necessary error signals which
control the cperation of the stabilization system. In order to
accomplish the stabilization of the SC relative to the leccal
vertical, the error signals should be generated in two mutually
perpendicular planes, i.e., along the roll and pitech channels.

For the realization of the method of-secants, two-
electro—optical scanning instruments are. installed aboard the SC.
The sighting axes of these instruments intersect the earth's
surface pericdically in two mutually perpendicular planes during
operation., Hence, it received its name of the methcd of
secants. The scanning plane of one instrument is parallel to
the plane in which the axes of yaw and roll lie, and the scanning
plane of the second sensor 1s parallel to a plane which passes
through the axls of yaw and pitch. The scanning instruments
are installed on board in such a way that their axes, inter-
secting each other at a right angle, lie in one plane perpendic-
ular to the yaw axis of the SC (Figs. 6.3, 6.4). The instanta-

‘ : neous field of view of each
of the instruments is

i ] deflected from the 00' axis
grientation | by the angle a and rotates
REREEETY around it, describing a cone
with the angle 2¢ at the
' apex. The value of angle o
depends on a number of
factors and may reach n/2.

\ t s _t axis of
| Sensor’s 1nstan }-orientation

(taneous field
of view “

Fig. 6.3. Diagram of the arrange- During scanning, the
ment of the sensors of an electro- instantaneous fields of view
optical resolver of the local of the instruments are
vertical which operates with the periodically directed

intersections method.
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first at the earth's sur-
- _ ‘ . |face, then at space. During
" |one scanning cycle, i.e.,

\Objective . ‘during a complete revolution /175
' Rg-gégggf_} To l of the scanning element, the
~ - computer | instantaneocus field of view
“ NSl fier To comtrol | crosses the horizon twice.
Scanning system When the earth's surface
element | comes into the field of
Fig. 6.4, Diagram of a sensor on view, signals appear
board a space vehicle. ~ at the output of the

_instruments whlch are
caused by the earth's thermal
radiation. An ideglized

shape of the signals at the ocutput of the radiation receiver of
one of the instruments is shown in Fig. 6.5. The duration of the
pulses at the output of the receivers depends on the frequency

of rotation of the instantaneous field of view and the angular
dimensions of the earth's surface in the plane of its inter-
section by the sighting ray and the pulse repetition frequency

is determined by the scanning frequency. The duration of pulse
At from the output of the receliver, the value of angle 28 which
corresponds to it (Fig. 6.6), and time segment T-At are inter-
connected by the relation

At B

:T—A{_u—ﬁfg (6.3)

where T 1s the scanning perilod.

The value of angle 2B within whose limits the instrument's
instantaneous field of view continues to remain directed toward
the earth during scanning is a function of the altitude of flight
of the SC and the angle of slope of the sighting axis to the axis
of rotation of the instantaneous field of view. From the diagram
presented in Fig. 6.6, we have

6= arccos K — arccos 2 |
AE AE

(6.4)

where h 1s the rise of the earth segment measured from the plane
in which the chord DE, which connects the points of_intersecticn
of the sensor's sightling axlis with the earth's surface, 1les; AE

is the tangent to the earth's surface.

We find the quantities appearing in formula (6.4), using
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Fig. 6.6
AE=L.sin af and iz;Re(l_—cos-f),F
where

—— Re
—CF — 7Ty €05 Y= rmm o |
L=CE=Y 2R H+H? andl Y‘ Rt H |

Substituting the found values in (6.4), we obtain

{
H+Re(l— Re” )1

. 8= garcco R+ H (6-5)
arccos sina V2R H + HE? i I
whence, after simple conversions, we find
: Y
5—g Y 2ReH + H2 .
B=arccos —»(%_}_———-——H) prine (6.6)
: o With consideration of (6.6),/177
i J} : f from (6.3), we obtain
gt T I't, Ly T !
| - T Sinamm— { , ,
| - - AL arccosE2ReH I
7 7t (Re+ H) sina (6.7)
Fig. 6.5. Sequence of pulses read
from the output of one of the radia-
tion receilvers of the vertical The dependence of the
resolver. relative duration of the

pulses from the output of
the radiation receiver on
the size of the angle between the axis of rotation and the
sighting angle of the sensor and also on the altitude of flight
of the SC 1s shown in Fig. 6.7. From the graphs, it can be
seen that with oscillations of the SC relative to the loecal
vertical, the maximum values of the amplitudes of the oscillations
with a given size of the angle depend on the altitude of flight
and may achleve great values without causing a substantial
change in the duration of the pulses.

- The formation of the error signals of the axis of yvaw of the
3C with the local vertical in the method .of secants can be accom-

plished in different ways. Applicable here are phase, time,
and phase-timemethods of forming the control signals.
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Fig. 6.6. TFor the deter-
mination of the duration
of pulses from the output
of the radiation receiver
of a vertical resolver
which operates with the
method of secants.

With the phase method of
discriminating error signals, en-
visioned in the lnstrument scheme is
a device which generates reference
signals. The comparison of the phases
of the operating and reference sig-
nals and the obtaining of information
about the degree of their difference
permits forming the necessary error
signals.

The pulses read from the output
of the receiver are a periodic sig-

nal which can be written in the
form of a time function

f(t) = £(t + T),

where T 13 the pulse repetition perilod.

z
T

e =1,57pad 1 04t H=500rm

14 pad 1 |
12 pad 'l 03

S 5000 kM

J00 1000 2000 3000 4000 Ham , 052 07 082 165 72 14 157

b) o pad 1

Fig., 6.7. Dependence of the relative duration
‘ of square pulses on the angle of
slope of the sighting axis (a) and
the altitude of the orbit (b).

Key:

It is known that the perilodic function f(t) 1is expressed

1. rad

by the sum of the harmonic components in the form
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Fi)=— NV 3 eim |
Am ‘

J

.O|H

fe -

where A= \ fU‘F””*’dj is the complex amplitude of the
n-th harmonic; n = 1, 2,—3... is the ordinal number of the har-
monic; wr—ggzz’wq is the frequency of the first harmonic;

T = tp2 - t1 is the pulse repetition period (scanning period).

From (6.7), it follows that with any altitude of flight of
the SC, the duration of the pulses At willl always be less than
half the period T, and their sequence has the form shown in
Fig. 6.5,, where the moment of time relative to the start of
the reading is designated by t1 and the amplitude of the pulse
by U. The corresponding time function of the given sequence is
expressed in the following manner

wWith ¢ <t =1+ a4l

o=l
with - f2<f<t1+ T.

_ " IAs appllicable to the indicated sequence, the expression for
Ay takes the form

iy

2 . W, '
Ap=\ Upeinont g = e=inmti _ ginogt
’ 7 i " JnTwy ( e ’J
1

whence, considering that ti{ = t7 + At, we have
2 1

sin 018! ' L
2 Wmit 2 ineitiran2)
. .
T R At | (6.8)
‘ - 2

Here, -'the constant  component and parameters of the
harmonics are determined by the relations

- Constant component ‘A==U¢M J (6.9)
sin Beidt ,
- Amplitude of harmonies  A,=20, 2| 2 |. (6.10)
T ﬂml.ﬁt J
2 i
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- Phase of harmonics ief:nm{§~&%§)%{pp—l)nj (6.11)

r {
where m is the ordinal number of the interval aw=

] |

Since the reference signals in the phase method are a sine- /179
wave alternating voltage, only the fiIrst harmonilc of the operating
signal is usually used for the forming of the error signals.

On the basis of (6.10) and (6.11), its parameters are characterized
by the relations

BN

siu-ﬂé-t- |
'L"IZQ U At . 2 , |
' T w A ]

2 | |
Ch=etag

Whence, with consideration of (6.7), we obtain

. (Ra+ H)sina
VIRH+HZ |’
(Re_+ H)sina

' ORH L H:
B =uw/; +B=wys, L arccos ! : . :
e . {Ret H)sina } (6.13)

TRH ¥ H?
s . sin(arcct)s l.%_,__-';ﬂ)
. T

(6.12)

sin B |__2Unat
B T

arccos

Discrimination of the first harmonic is accomplished with
the use of narrow-band resonance filters tuned to the regquired
frequency which equals the scanning frequency. As a result, a
sine-wave voltage is fed to the input of the device for the
formation of the signal which is described by the relation

U=U,a sin (uf 4-8),!
where a is the amplification factor of the circuit.
If this voltage 1s fed to the input of a phase-sensitive

detector which operates in the key mode and is controlled by
signals of the reference voltage, the constant component of the
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operating signal at its output proves to be proportional to the
angle of phase shift &3. Actually, by analogy with (5.4), we
have

Sy b U {
.Ui_m-n—‘abgsm (6 +6,)d () =2 a.cos by, (6.14)
Accordingly, for the second channel, we will have
- 1

i

Designated in formulas (6.14) and (6.15) are: 87 and 0> are the
components ¢f the error angle of the S5C with the local vertical

for piteh and roll respectively; Uy and Up, are the amplitudes /180
of the signals at the input of the phase-~sensitive detectors

in the pitch and roll channels.

An analyslis of formulas (6.14) and (6.15) shows that the
value of the output signal is linearly dependent on the error
angle within limits of 6 = %0.6 rad.

A functlional diagram of the instrument which forms the
error signals in accordance with the method considered is
presented in Fig. 6.8. Instruments of the indicated type can
give satisfactory results with the orientation of SC which rotate
in orbits with altitudes of from 180-200 km up to
several thousand km.  The orbit may be circular as well as
elliptical. The error in the determination of the position of the
local vertical by instruments which realize the intersections
method, with the phase method of forming control signals
depending on the altitude of flight of the SC, lies within limits
of from 21.72.10~2 rad to $0.172-10-2 rad [58, 59, 65].

Orientation instruments created in accordance with such a
scheme were employed successfully to assure the orientation and
stabilization of several elements in the experimental launchings
of the Atlas, Thor, and Jupiter rockets, and also on the Mercury
spacecraft. A layout diagram of one such instrument is
presented in Pig. 6.9 [57, 63]. There is a window in the front
wall of the Instrument which is closed by a germanium filter.

The scannlng element in the instrument is an optical wedge of
germanium with a taper angle of 0.26 rad. The radiation

which has passed through the wedge is directed to the germanium

layer of an immersion bolometer which simultaneously fulfills

the role of instrument objective. All optical parts of germanium /181
are coated for a wavelength of A = 12.5 um. Graphs of the change
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in the coefficient of spectral transmission of one germanium

part with two-sided transmission augmentation and of the entire
optical system with transmission augmentation on a wavelength

of A = 12.5 yim are presented in Fig. 6.10. With the use of the
scanning element, the instantaneous field of view of the instru-
ment which has dimensions of from 0.035 to 0.24 rad deviates

from the normal by an angle of 0.96 rad. The scanning frequency
in this instrument is 30 Hz. The power supply source and the
electronic device in which the processing of the signals,which

are read from the output of the radiation receilver,occurs comprise
a compact unit assembled on printed circults. The instrument

is completely hermetically sealed and filled with dry nitrogen
under a pressure of 1.29:102-1.35.102 Pa. To ralse the
dependability and effectiveness of operation of the instruments, /182
bloeking is provided for in thelr circults in the event that ,the
sun lands in the field of view.

Automatic

gain
control
‘ < Device for dis-j
: : Phase-sensi- criminating the| — .
Receiver Amplifier tive detector constant compo—-}{— Modulator
nent
1st channel
: : fa Reference To control 5
Drive voltage <——Amplifier)
generator system
_ Referencel _—
Drive voltage <——Amplifier|
. |generatoxr |
2nd channel
[ : Phase-sensi- Device for dis-|
Receiver Amplifier ytive detector criminating the-—*Modulator
: constant compo-| - .
nent
Automatic] -
gain
control

Fig. 6.8. TFunctional diagram of the resolver of the local vertical
which operates with the method of secants. ‘
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Rotatingi
agsembly
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Fig. 6.9. Layout dlagram of the scan-
ning head of a local-vertical resol-

ver which
secants.

bolometer lens

operates on the method of

A )
a)

Fig. 6.30.
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spectral transmission of

germanium optical components exposed

to a wavelength of A =

12.5 pm: a.

I&‘Am oo

one

.-

component wilth exposure from both sides;
B complex optical system of four )

components.

On spacecraft
which are rotating
in elrcular orbits

with a given altitude,

error signals over the
piteh and roll channels
can be formed funda-
mentally with the use
of only one instrument
which operates accord-
ing to the scheme
presented in Fig. 6.11.
In this case, the
formaticn of the error
signal over the roll
channel is accompliished
just as in the vari-
ation considered above,
i.e., with the use

of the phase method

for discriminating

the control signal.

For forming the

error signal cver the
pilteh channel, use

can be made of infor-
mation on the dura-
tion of the pulses

read from fhe output

of the receiver. In
order te obtaln a con-
trol signal over this
channel, pulses from
the cutput of the
recelver are also

used here for
triggering the genera-
tor of the reference
signals which, together

with the amplified operating pulses, are fed to the coincidence

circuit.

The duration of the reference pulses should corres-

pond exactly to the duration of the operating pulses from the
ocutput of the receiver with the correct orientation of the S5C

(i.e.,

of the local vertical), and for given parameters,

are determined from the expression
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Fig. 6.11. PFunctional diagram of a system for forming control

signals over two channels with the use of one
scanning head.



The deviaticn of the axis of orientation of the SC from the
local vertical for pitch causes an lncrease or decrease in the
duration of the operating pulses from the output of the re-
celver. As a result of the comparison of the operating and /183
reference signals, the constant component is discriminated whose
value and sign determine the pitch error. A shortcoming of this
method of forming error signals for pitech is the necessity to
change the duration of the reference signals in accordance with
the change in the altitude of the spacecraft above the surface
of the earth (elliptical orbit).

The time method.of forming error signals over the pitch and
roll channels in the vertical resolvers which operate with the
-method fi. secants - "1ls based on the measurement of the time
Intervals between the reference (sighting) pulse and the pulse
which arises on the output of the radiation receiver with the
intersection of the earth's surface by the instruments's
instantaneous field of view. We willl explain the essence of the
method with the aid of the diagram presented in Fig. 6.12a, which
shows: lines tangent to the surface of the planet; the yaw axis
of the SC which is orilented according to the local vertical; the
reference sector.

During scan-

Lo Reference 0 . ning, the instan-

sector taneous field of

' : J l ’ l view of the

b : ‘ instrument periodi-
cally “fhtersects
the earth's surface,
as a result of which
pulses arise on
the output of the
radlation receiver
whose duration is
determined by
expression (6.16).
Furthermore,
reference pulses
are generated in
the electronic
clrecuit of the
instrument. The

Fig. 6.12. Operating principle of the position on the

resolver of the local vertical which time axils and the
operates with the method of secants duration of these

and 1s based on the use of the time methoed pulses are deter-

of forming control signals: a. essence of mined by the posi- /184

————

the method; b. nature of the output signals. tion and angular
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dimensions of the reference sector. Thus, in the electronic
circuit of the resolver, with a given method of forming the
error signals, series of perlodically recurring electrical
pulses are formed over each channel (Fig. 6.12b). The pulses
shown by the dotted line pertain to the time intervals when the
instantaneous field of view is located within the reference
sector with angular dimension y and apex at the polnt of inter-
section of the yaw axis with the local vertical. The pulses
portrayed by the sclld lines arise in those time intervals when
the instantaneous field of view 1is directed at the earth's
surface, i.e., when 1t passes through the sector between the two
tangents to the surface of the planet. Let us point out that
the radiation of the earth's surface 1s not perceived by the
instrument with the location of the instantaneous field of view
within the limits of the reference sector. The angile 03 between
the yaw axis and the local vertical in the scanhing plane belng
examined is the sought error angle and can be determined in the
following manner.

If v1 and vy deslgnate the angles between the boundaries
of the reference sector and the tangents to the surface of the
planet, it is obvious that

1 !
Bl=‘2— ('Vz'_"x)- | (6.17)

The pulses obtained from the output of the radilatlon re-
ceiver are used to form series of auxiliary pulses. The pulses
In the auxiliary seriles have duratlons equal to the time intervals
when the Instantaneous field of view passes through sectors vj
and v2, respectively. The auxiliary pulses which correspond to
sector vy can be created, for example, by triggering a fiip~flop
at the moment which corresponds to the trailing edge of the
reference pulse and by resetting the flip=flop.by the . . ...
leadling edge of the pulse received from the planet. The pulses
which correspond to sector vy are created by the trailing edge
of the operating signal and the leading edge of the reference
pulse. The reference pulse.may be generated with the .
use of wvarious sensors, for example, with the use of the mag-
netic sensor of the scannling mechanism. We also note that all
auxiliary pulses have the same amplitude.

The mean value of the voltage of the sequence of pulses
which correspond to sector vl is determined from the expression

Uy=U2L
2 (6.18)
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where U is the amplitude of the auxiliary pulses; Uy is the
mean value of the voltage created by the sequence of pulses.

~
}_l
[as]
A\

The sequence of pulses which correspond to sector vo causes
the mean voltage Up equal to

|

Up=U X
2 2n " (6.19)
Subtracting (6.18) from (6.19), we obtain
U ,
AUI=UE“—U1=£‘- (‘\u'!"—"\’lj.\
whence, with conslderation of (6.17), we have
U,

My="18 (6.20)

This relation shows that the difference voltage AU is
proportlonal to the error angle of the yaw axis of the SC with
the local vertical in the scanning plane. In a similar manner,
the errcor 1s determined in the other scanning plane where the
second scanning instrument 1s used. Thus, voltages AUT and AUTT
completely describe the position of the yaw axis of the SC
relative to the loeal vertical. These voltages are used for
the forming of control signals in the system for stabilization
over the pitch and roll channels.

6.4. Principles and Equipment for Determining the Local Vertical
by the Method of Tracking the Horizon Line

The method 1s based on the use of the temperature contrast
which exlists between the earth's surface and outer space and
can be realized with the use of three-~ or four=channel electro-
optical. resolvers of the local vertical. The simplest instru-
mental reallzaticon of the indicated methed is the installation
of a four-channel nonscannig instrument on board the SC whose
fields of view of the channels are arranged in pairs in two
mutually perpendicular planes. The optical axes of
the channels deviate from the axis of the spacecraft being oriented
(piteh axls) by the same angle. The size of the angle depends
on the altitude of orbit and is so selected that wilith the correct
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orientation of the spacecraft, the optical axes of the channels

coinecide with the tangents to the earth's surface.

The angle of

view of each sensor should be such that both the earth's surface
with its surrounding atmosphere and outer space are projected to

the radiation receiver simultaneously (Fig. 6.13).

& of ~wiew C

Sensor's field '[

i
1
|
!
|

|
|
|

Fig. 6.13.

Earth's horizon
a) ' b

Principle of construction

of the local vertical with the use of
a four-channel nonscanning instrument:
a. precise orientation along the ver-
tical of the SC; b.
deflected from the vertical; 1,
4, fields of view.

axis of the SC
23 3.‘!

- *
To' congrel
-system.

To control
System. .,

Basic ecircuits of a system

Fig. 6.14.
for the formation of control signals
in a four-channel vertical resolver.

Key: a. Uper

The second
condition on the strength
of which the shape and
dimensions of the field
of vliew are selected is
the conditilon of as-
suring the operation

of the vertical resolver
wlth a change in the
altitude of orblt of

the SC within certailn
given limits.

With the use of the
four-channel instrument,
on board the 3SC the
position of the earth's
horizon relative to the
optical axes of the
channels is constantly
determined. The forma-
tion of error signals
for piteh and roll can
be accomplished with the
use of the scheme

presented in Fig, 6,14,
The radiation receilvers
of each pair of chan-
nels are connected

at the input in
opposition. QOne

palr of recelver
(channels 1 and 2)
assures the formation
of error signals for
pitech, and the second
(channels 3, &) for
roll.

With such a scheme,
the output error
signals prove to be
proportional to the
values of the angles
of deviation of the
yaw axis from the
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direction of the local vertical for pitch and roll if the devia-
tion does not exceed the dimensions of the fleld of view of one
channel. When the value of the angle of deviation is larger
between the axes of the channels, the output error signal 1s
constant in value and equals its maximum value.

Actually, if the energy brightness-B of the earth's surface
within the limits of the fields of view of channels 1 and 2 are
identical, the value of the signal from the output of each
receiver will be proportional to the irradlated area of the sensi-
five layer which is determined by the size of the area of the
earth's surface which is projected on the receiver. In turn,
this area can be expressed in angular dimensions by the relation

A=W Wi,

where Wg and W'y are the dimensions of the fields of view within
whose limits the earth's surface is projected on the radlation
receiver; c¢1 is the proportionality factor.

The signals fead from the outputs of the receivers of /187
channels 1 and 2 can be presented in the form

UI:SCICZWOW; !
and |
(-_/2 = SQC;W,,W&, j

where S 1s the integral sensitivity of the radiation receivers
(taken as the same for both receivers); co is the proporticnality
factor which considers the parameters of the optical system.

Subtracting these equations, we get }
U= Sesc W, (Wi Wi\ (6.21)

It is easy to see that the angle of deviation of the yaw
axis from the local wvertical 6 is
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Wi—W;
S— 2

With consideration of the last relationship, from (6.21)
we Tind

8.

AUy=28c,c,W 5. (6.22)

One of the possible ways for creating such an instrument is
the use of a wide-angle: objective in whose focal plane four
radiation receivers are placed by pailrs in two mutually per-
pendicular directions. The distance between dlametrically op- /188
posite recelvers is determined by the parameters of the optical
system and the angle which must be subtended by the _
earth's horizon o whilch depends on the altitude of orbit. As an
example, Fig. 6.15 presents a scheme of a vertical resolver
with a wide-~angle objective [11l, 35].

Bolometers connected by pairs
Spectral filter- in. two bridge c¢ircuits are used as
] radiation receivers in the instrument.

1 The deviation of the yaw axis of the
L SC from the direction of the local
etec

Electronig) vertical causes the disruption of the
portion i balance of the bridge and the appearance

( of an error signal which is used to

restore the correct orientation.

Widzrangle lens

Fig. 6.15. Schematic In order to exclude the “influence
diagram of a local of the sun on the operation of the
vertical resolver with instrument, in addition to the basic

a wide-angle objective. group of receivers, it contains one

moyre group of four receivers turned
by the angle m/4 with respect to the main group. When
the sun's rays ..-fall onto the field of view of one of the
receivers of the first group, a signal is generated which puts
the second group into operation. 1In this case, the error signals
formed over the channels first go to the coordinate converter
and only then to the serveo elements.

The receiver of the vertical resoclver itself as well as a
speclal receiver can be used as a sensor whieh determines the
presence of the incidence:of solar rays in the field of view of
the receivers of the first group. In the latter case, the
fields of view of the channels of the device for protection from
solar radiation should correspond to the fields of view of the
individual recelvers of the main group or exceed them somewhat.
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The optical system of the instrument consists of a germanium

lens objective and a germanium filter.
coated for radiations with wavelengths of 14-15 um.

The optical parts are
The in-

strument possesses minimum sensitivity to radiations with wave-
lengths of about 12 um and a maximum in: the region of 14-15 um.

The instrument assures the determination of the vertical with

a precision on the order of 3.1.74-10-2

rad. .

Another variation for the instrumental realization of the
method for determining the position of the SC being oriented

relative to the local vertical is possible.

In this variation,

use is made of an optical system which is common for all channels
in whose focal plane the necessary number of radiation flux

recelvers is arranged.

A diagram of the instrument's optical

system is presented in Fig. 6.16.

Fig. 6.16. Diagram of
the constructicn of the
local vertical with a
cone-lens optical sys-
tem: 1. optical cone
with mirror coating;

2, lens objective and
special filter; 3. ger-
manium modulator; 4.
recelver of earth's
radiation.
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The operating principle of such a /189
vertical resolver consists of the fact
that the radiation of the space

located in front of the Instrument 1is
focused with the aid of the objective

in the focal plane where the image of
this space is also constructed. Thanks
to the presence of a mirror cone, a sort
of "reversing" of the image occurs.

As a result, the image of the inner

zone of space 1s constructed in the
focal plane at some distance from the
axis of the instrument. At the same
time, the image of thesouter zone of
space 1s constructed close to the
optical axis which either coincides

with the axis of the 3C being oriented
or is parallel to it.

With the correct orientation of
the SC, when the optical axis of the
instrument coincides with the direction
of the local vertical, the image of
outer space will be constructed in
the region of the focal plane near the
axis and the image of the earth's
surface not overlapped by the cone will
be along the edges. Seven radiation
recelvers are placed 1n the focal plane.
Four of them, which form the sides of
a rectangle, are connected similar to
the arms of a bridge. Cne



pair of diametrically arranged receivers is used for the orienta-
tion of the SC for pitch, and the other for roll.

The deviation of the axis of the SC being oriented from
the direction of the local vertical causes a shift of the image
in the focal plane and the appearance of signals on the outputs
of the bolometers., These signals are initial for the forming of
error signals and the subsequent control of the position of the
SC.

The three remaining recelvers are arranged on one line in
the center of the focal plane. The central receiver perceives
the radiation from space alone and the other two react to the
earth's radlation whiech falls on them with a reduction in the
altitude of flight when the dimensions of the image of outer
space in the central zone of the focal plane are reduced.

With the presence of a wide-angle objectlve, the scheme of
the instrument can be executed without a mirror cone. In the
scheme of the gilven 1nstrument, the cone is employed to reduce
the dimensions of the image, and, consequently, to reduce the
maximum value of the field of view of the objective with the /190
maintenance of the required dimensions of the scanning zone.

AT the same .time, the optical system employed in the instrument 1s
sufficiently wide-angle, which provides the possibility of using
it on SC with low altltudes of flight. We note that the range

of operating altitudes where the orientation of the SC can be
accomplished with a given precision is determined by the size

of the angle at the apex of the cone. An instrument with a lens
optical system and mirror cone permits accomplishing the
orientation of the SC relative to the local vertical at altitudes
of orbit of from 80 to 1600 km, and in some variations (with a
change in the angle of conleilty) -- up to 160,000 km. An element
sensitive to solar radiation is mounted on the outside on the base
of the cone. With the incidence of solar radiation in the field
of view, it generates a voltage which disconnects the ger-

manium modulator.

Along with the interruptlon of the radiation flux which
arrives at the Instrument, the germanlium modulator accompllishes
one more function -- it eliminates the incidence of the intrin-
sic radiation of the elements of the instrument. The frequency
of modulaticn of the radlation flux is 10 H=z. :

The instrument possesses sensitivity to radiations in the
spectrum band from A = 11 to A = 20 pym, where the intrinsiec
temperature radiation.of the earth's surface lles. Therefore,
the instrument is capable of operating on the day as well as on
the night sides of the earth, assuring a precision of 0.1-1.74:
.10-2 rad. It can be presumed that the figure presented
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characterizes the instrument error and not the precision of
determining the poslition of the SC axis being oriented relative
to the local vertical, which will be considerably greater.

The merits of the vertical resolvers considered are:

- Comparatively small masses and dimensions (mass ~ 3 kg;
volume, 2 cubic decimeters);
- Small power consumption (does not exceed 6 W),
- Absence of rotating and moving parts, which extends the
service 1life of the instrument;
. - The possibility of using the instrument for checking
ﬁ‘ position at the beginning and course correction at .the
end of the powered section of a rocket trajectory.

Among the shortcomings of the instrument, we should include
ite applicability only on spacecraft which are in circular
orbits or orbits close to circular. Naturally, i
the deviation in height of orbit from the calculated one lowers
the precision of orientation.

. Attempts to eliminate these disadvantages or )
reduce their influence led to the creation of more complex

instruments capable of forming error signals with high precilsion
which determine the position of the yaw axls of the SC relative
to the local vertical in a broad range of altitudes. An ex-
ample of such a type of instrumental realization is the use of
vertical resolvers consisting of three or four scanning trackling /191
sensors. The diagram of the optical system of one such sensor

is presented in Fig. 6.17 [62, 63].

The 1lnstantaneous field of view of each sensor, wlth size
W3 x Wz, which is limited by the dimensions of the sensitive
layer of the receiver of radiation flux, fluctuates within
radial directions with some amplitude W which characterizes the
scanning zone of the sensor. Depending on the position of the
earth's horizon within the limits of the zone scanned by each
sensor, signals are generated in the system which are used for
matching the middle of the zone being scanned with the horizon
(earth-space boundary). The change of the signals from the
output of the radiation flux receiver with time with a change
in the position of the scanning zone relative to the horizon line
is illustrated in Fig. 6.18.

The forming of error signhals of the middle of the scanning
zone with the horizon line can be accomplished, for example,
with the comparison, for duration, of the operating signals read
from the output of the recelver with the reference signals.
In this case, the duration of the reference pulse should comprise
half the scanning period, which corresponds to the matching of
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the middle of the scanning zone with the horizon line. Feeding
the operating signals together with the reference signals to the
matching unit, pulses are obtained on its output whose duration
characterizes the amount of deviation of the middle of the
scamning zone from the horizon line, and the polarity determines
the direction of the error. Thus, the constant component, being
discriminated from the obtained series of pulses, describes both
the value as well as the direction of the error.
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Fig. 6.17. Diagram of the construction of the
local vertical with the use of four
tracing horizon sensors: a. scheme;
b. schematic diagram of the resoclver.

The discriminated signal 1is fed to the reversible.drive of =a
rocking tracking mirror, as a result of whi¢h the matching of
the middle of the secanning zZone with the horizon and its reten-

tion in such a position durling the entire time of operation of the
orientation system are assured.

The sizes of the angles a between the SC axls being oriented
and the directions whlch pass through the middle of the scanning
zones after thelr localization on the edges of the earth's
disk characterize the position of this axis with respect to the
loczl vertical. Since the yaw axis of the SC will coincide
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Fig. 6.18. Nature of the change

of signals at the output of a
radiation receiver with a change
in the position of the scanning
region relative to the horizon:
a. mean positlion of the scanning
region matched with the horizon;
b. mean position ¢f the scanning
region shifted in the direction
of the earth's surface; ¢. mean
poesition of the scanning region
shifted in the direction of
space; d. pulses of reference
signals; e, pulses on the out-
put of the coineidence circuit
which correspond to the posi-
tion of the scanning reglon in
case b; f. pulses on the out-
put of the comparison circuit
which correspond to the posi-
tion of the scanning reglon

in case c¢.

tages

with the direction of the

local vertical only in the

case of the equality of

angles o] and o2, a3z and oy,

the signals which characterize
the difference in these /193
pairs will contain informa- —
tion about the magnitude and
direction of the error.

The amount of deviation
of the SC axis being coriented
from the direction of the
local vertical is described
by a relation of the type

(6.23)

=tz

where ol and op are the
angles between the 3C azxis
being oriented and the direc-
tions to the horizon line;

8 is the component of the
angle of error of the axis
being oriented with the
direction of the local
vertical in the plane of cne
pair of sensors.

If the rocking mirrors
are connected to sensors whose
cutput voltage 1s propertional
to the angle of deviation of

the mirror from the initial

position, .
C(.l oo
i.e., U] =g 5 and Up = PR

the difference of these vol-

*12)5
i

| (6.24)

characterizes the error of the SC axis beling oriented with the

local vertical in the plane of the given palr of sensors.
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(6.24), with consideration of (6.23), we obtain
AL§;=q%a

where q i1s the proportionality factor.

The described method of orientation can also be accomplished
with the use of only three sensors whose axes are arranged at
angles of 7n/2 rad to each other, and their projections or the plane
normal to the axis being oriented comprise angles between each
other equal to 2/3w rad. However, in this case the forming of the
error sighals over the channels becomes complicated.

The orientation equipment which realizes the second variety
of the method being examined can assure the determination of the
position of the SC axls being oriented with respect to the local
vertical with flight altitudes from 120 to 36,000-40,000 km.

One of the instruments of this type [62, 63] can assure the
matching of the middle of the scanning region with the horizon
line with a precision of up ' to 1.74.10-3 rad. The instantaneous
field of view of each sensor with size of 8. T 10-3 x 5.2-10‘2 rad
fluctuates in a radial direction within limits of the angle
7.85-10-2 rad. A bolometer with a germanium immersion lens is
used as a radiation receiver 1n the instrument.

The considered instrument, besides assuring the orlentation
of the SC with large flight altitudes which exceed considerably
the maximum altltudes of the vertical resolvers which operate
with the . method of secants possesses one more substantial
quality -- an increase in the period of service due to the
absence of continuously rotating parts.

.
O
=

Let us consider one more vertical resolver which accomplishes
the tracking of the horizon llne. Here, space is scanned with
the rocking of small flat mirrors under the 1nfluence of an
electromagnet. A diagram.of such a sensor- is
shown in Fig. 6.19.[35]. 1Its composition includes a w1de—angle
lens objective, four flat rocking mirrors, and four radiaticon
recelvers, The mirrors and receivers operate in pairs, assuring
the scanning of space in two mutually perpendicular planes.

The flat mirrors are fastened t¢ symmetrically installed
flat springs. One end of the spring is connected with the housing,
and the other with a voice-coil.

With the correct orientation of the 3C, the objective 1
constructs an lmage of the earth. With the use of the rocking
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. . mirrors, small sections of the

! ; ‘ image of the earth's edges land
f \ on the sensitive layers of

. : — the radiation receiver. Because
‘\ ’ ' of the synchronous rocking of

] / . the mirrors under the action
| ’ . of the oscillations of the volce
/{/ - ~; coll, the scanning of diametric-
5‘22;?5—;?’} [ Mirro Radiation' ally opposite sections of the
. - ~  earth's horizon is assured. A4s

: a result of this, electrical

| ) __ﬁl ' l ; ‘ pulses appear on the output of

| 'J Lfii N the receivers -with. recurrence rate
: ‘ equal -to the scanning . frequency.

. ) - The duration of the pulses

Fig. 6.19. Diagram of a re- depends on the position of the
solver of the local vertical SC axis being oriented relative
with flat rocking mirror: - to the dlrection of the loecal
1. objective. vertical. The-dura-.

tions of fthe pulses from the
oppeosite radiation flux receivers
willl equal each other only with the correct orientation of the
SC. A functional diagram of the forming of control signals
over one of the channels is presented in Filg. 6.20. Since
the time method of forming error signals 1s employed here, the
output signals should have identical amplitude, which is assureéd
by the use of an amplitude limiter in the circuit. As a result, /195
neither the difference in the radiation fluxes percelved from
the earth's surface nor the difference 1n amplificatlon factors
for the channels affects the operating precision of the instrument.
The size of the error angle determines the difference 1n the
durations of the pulses read from opposlte recelvers. The
detection and subsequent discrimination of the constant component
on RC filters glives a constant veltage .proportional
to the duration of the pulses read from the given receiver.

The constant voltage from the output of the fllters is fed
to the differential amplifier which generates an error signal.
The amplitude and sign of the sighal depend on the position of the
instrument's optical axis (this axis is parallel to the SC axis
being orilented). If the SC axis belng oriented coincides with
the direction of the local vertical, the signal on the output of
the differential amplifier equals zero.

The rocking of the mirrors 1s accomplished on signals from
g master oscillator whose role is fulfllled by the generator of
sound vibrations. It generates a volfage of a specific frequency
equal to the natural frequency of the resonance oscillations of
the scanner, which reduces the power consumption.
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Fig. 6.20. Functional diagram of a system for
forming control signals over one
channel.

Envisioned In the scheme is the automatic regulation of
ampllificatioen. Both the error signals and direct-current vol=
tages from the output of all filters are fed to the AGC [automatic
gain control] unlit. On the basis of these data, the optimum
amplitude of the oscillations of the mirrors is determined in a
computer. With a considerable error over one or both channels,
the mirrors coscillate with great amplitude. If error signals are
absent and the consfant components- alsc equal zero, scanning
is conducted with maximum amplitude. With small errors, the /196
amplitude of the oscillations of the mirrors is reduced, as =z
result of whieh the precision of orientation is increased.

6.5. Blectro-Optical Instruments for Course Orlentation of the SC

In connection with the expanded range of applied problems
involving space wvehleles, <the. on-beard--erientation.systems
should not only determine the position of the lLocal vertiecal but
also deviations for yaw, 1.e., deviations of the roll axis from
the orbital plane.

Existing methods for vehicle course orlentation are
based on the use of gyroscopic instruments which operate in
combination with some resolver of the local vertical. However,
these systems, not being distingulshed by high precision and
durablllity, require rather large expendltures of power.

Furthermore, various astronavigational methods based on
tracking reference heavenly bodies and comparing measured angles
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with programmed ones are employed. Along with the complexity of
realizatlion caused by the necesslty to have an on-board computer
and the relative difficulty in the assignment of programmed
values of angles between the axes of the SC and the reference
heavenly bodies, these methods possess a basic shortcoming and,
namely, the selected reference heavenly bodies are not always
directly vislble from on board the 3C.

A relatively simple method for orienting manned SC is the
method based on the use of an optilecal attitude control, in whose
focal plane a grid with parallel lines 1s installed.

The instrument on board the SC is so installed that,with the
correct orientation, the lines of the grid are parallel to the
orbital plane and colnecide with the direction of the relative
velocity of the SC. The image of the earth's surface, construc-
ted by the objective of the attitude control in the focal plane,
continuously displaces during flight. The coincidence of the
direction of displacement of the image with the longitudinal
lines of the grid in the focal plane of the attitude control
corresponds to precise orientation (to the coinecldence of the
axls of roll with the orbital plane).

Noncolncidence testifies to the disruption of course
orientation which should be restored by turning the 3C relative
to the axis directed along the local vertical.

The indicated principle can be used for the course orienta-
tion of unmanned SC. Naturally, in this case the determination
of +the coincidence of the direction of displacement of the
image with the reference direction should be accomplished
automatically. The latter problem can be solved with the use
of television-type electro-optical: systems withr Iine scan on
board, the lines of which coincide for direction with the axis of
roll. If the SC is oriented in flight so that its axis of roll /197
lies in the orbltal plane and the direction of the lines of scan
coincide with the direction of relative veloecity (Fig. 6.21),
the video signals of lines in -the: same position .on adjacent. frames
{With line seanning) or-the tweo néxt.lines -(mith. line scanning)-
will be shifted by an amount proporticnal to the ratio of the.
veleocity to the altitude of flight. Nonecoincidence of the vector
of relative velocity with the direction of the lines leads to a
change in the video signals in a random manner in accordance
with the random character of the earth's background which lands
in the instrument's fleld of view. 1In this case, the comparison
of the signals does not provide the opportunity to establish
the constant value of the shift, which testifies to the dis-
ruptlon of orientation. Achieving the required coincidence of
the video signals by turning the SC for course, 1ts orientation
can be restored.
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the principle of course
orientation in accordance
with the direction of run
of the image.

Fig. 6.22. Schematic
diagram of an instrument
for course orientation
based on the use of
frequency rasters.

A Method of Course Orientation Based

This method of determining the
direction of the wvector of relative
velocity is based on the use of
modulation of a radiant flux which
creates an image of the earth's
surface.

The operating principle of the
device which realizes. the indicated
method consists of the following.
The composition of the instrument
Includes two electro-optlcal -sensors.
Installed in the focal plane of each
of them 1s a frequency raster in the
form of alternating ftransparent and
opaque strips of the same width.

The radiant flux goes from the out-
put of the rasters to photoelectric
receivers (Fig. 6.22).

/198

The frequency of modulation of
the radiation flux can be determined
on the strength of the parameters of
the raster. If the axls of symmetry
of the frequency rasters coincides
with the vector of relative velocity,
the frequency of modulatlon of the
radiation flux by both rasters 1is
ldentical and equals

fo=g (6.26)

where T 1s the period of displacement
of the 1mage in the plane of the grid,

The period T is connected wilth the raster parameters and the
velocity of the image by the relation

a
T—F—_s X

im !

(6.27)

where L is the length of the path of the image within limits of
one raster slit; Vip is the velocity of the image.

211



The velocity of the image in the focal plane can be deter-
mined from the expression

V = V& B_ex_...{ab_
WSy Re+ H (6.28)
"‘V‘Re'
where Vgc is the relative velocity of the SC; R, + H Vs¢ 1is the

rate of displacement of the sighting beam over the earth's sur-
face; Re 1s the radius of the earth; H is the altitude of flight
of the SC above the earth's surface; f'sp 1s the foecal length

of the instrument's objective.

If the angle of slope of the raster slits to the axis of
symmetry is o, the length of the image path & will be

a a

[= = ';: (6.29)

cos (M/2—a) sina

where a is the width of the slit.

With consideration of (6.27), (6.28), and (6.29), from (6.26)
we obtain

‘ VieS3Re |
N . s¢'dh e o |
SO= ot Rt 1y S (6.30)

If the longitudinal axis of the SC deviates. from the vector
of relative velocity by the angle Aa, then,due to the change in
the length of the path %, the frequencies in the left and right
channels will differ from fg and can be determined from the
expressions

V f,r : ' ) H

=——.-ﬂ__ol_ i |
/1 wh R+ Ay S (@1 4¢) and
. . . |
V, , :
fa=——— €2 Qaﬂsiﬁdfe:{) sm_(a—Au). : ‘ (6. 308.)

Then the difference frequency of the signals of the left and /199
right channels 1s found from the expression
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f1“fzﬂ—‘é9f—d°f§; 2 cos aAQ. | (6.31)
2aH (R, + H) [

Accepting that with small values of angles sin Ad ﬁ ﬁd,
after simple transformations from (6.3]1) we obtain

Vec ft;bpe :

fl_fez_m"'_gaH(Re+ hf)_

2cosaAaﬁ [sic] (6.32)

Expression (6.32) shows that the difference frequency of the
signals over two channels is directly proportional to the angle
of deviation of the axis of symmetry of the rasters from the
vector of relative velocity. Naturally, to increase the precision
of orientation, it is desirable that the difference in frequencies
f1 - f» be the greatest. From expression (6.32), it can be seen
that this difference will be maximum with o = 0. As follows
from (6.30),frequencies f, f1, and f» will be extremely close
to zero.

On the atrength of the condition for assuring simplicity in
processing signals by means of the use of resonance amplifiers,
it is necessary that the frequency of modulation of the signals
over the channels be at least 12-15Hz.

If we accept that the difference frequency should comprise
at least 75-85% of the maximum value, the mean value of cos o
can be taken as equal to

cos a>(.8.

In this case, sin o = 0.6 and, consequently, the radiation
flux will be modulated with frequency fg ~ 1.6fpax. Taking
fg = 15 Hz, we find that fpaxy = 25 Hz.

We point out that the preclsion of determination of the
angle of deviation of the SC axls from the orbital plane depends
on the characteristics of the instrument. Thus, for example, if
the focal length of the instrument's obJective is f'gp = 250 mm
and the width of the slit a = 0.25 mm, then with H = 300 km
and Vgg = 8000 m/sec:

VaRe ..-:25 5—.‘10—3.‘ o _JoPore
H@Rot H) 0 )and fy— f,=-"—- 25.5-cosa-Aa.
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Taking cos a = 0.8, we obtain

- h—f2=255-0.8- Aa=>=20 Aq.

If the system records a difference in frequencies of 1 Hz,
in this case, under the given conditions,

]_1(!=-%—=0.05{ or ‘a2 =<0,052, rad

A shortcoming of the method considered is the fact that the /200
resonant frequenciles are extremely small, and their difference
with the disruption of course orientation also proves to be
small, whiech hinders considerably the instrumental realization
of electro-eptical instruments- for.course.orientation which
possess. high sensivity. -.

A further development of the idea of using electre-optical
instruments for course orientation of the 3C is the use of
correlation methods for forming the control signals.

Course Orientation of a Vehicle on the Basls@of the Use of Correla-

Two identical optoelectronic instruments with sufficiently
small field-of-vision angles are installed aboard a vehiele-oriented
wlth respect to the local vertical and they are immoblle with
respect to the body. Each instrument consists of an objective
and infrared radiation receiver.

The optical axes of both instruments are arranged in plane
0x7y1 of a system of coordinates connected with the 3C and
comprise some angle § with the vertical (Fig. 6.23). The elec-
trical voltage U on the output of each photoreceiver 1s pro-
portional to the energy brightness of the -section of the earth's
surface which lands in the field of view. Therefore, with the
movement of the SC above a heterogeneously radiating surface, the
signals on the photoreceivers will be some random function of
time U3 (t) and Up(t). If the SC is oriented so that axis 0xj
is directed along the vector of the relative velocity, the field
of view of both instruments will pass sequentially over the very
same terrain sectors and, 1in accordance with this, the same
realization of a random function will be reproduced on the output
of the receivers, but with a time shift equal to 1, which is .
determined by the mutual withdrawal of the fields of view and the
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speed of movement. If we assure the delay
of signal Uj{t) of the front instrument
by the amount T (for example, recording

on a magnetic tape or magnetic drum),

then comparing it with the current

signal Up(t), generated by the second
Instrument, and establishing theilr
ldentity, we can also fix the oriented
position of the SC.

However, 1t should be kept in mind
that even with the complete coincidence
of the fields of view of the instruments

o within the limits of the same background
Fig. 6.23 Course band, we cannot achieve the exact

orientation of avehicle colneidence of the signals Uj(t + 1) and
based on the use of Us(t), inasmuch as even 1f they are

the correlation of obtalned from the same sectlons of the
signals: 1,2. Radia- background, they are examined under

tion receivers; different angles. Furthermore, a’

3, 4, 5. Signal random change in individual emitters
processing unit. during time T 1s possible. Therefore, it

1s more expedient to compare signals

Ui(t + 1) and Us(t) not according to
algebraic difference, but with the use of the correlation co-
efficient KyjUp, which statistically determines and compensates- for
possible cases of fluctuations of the background during some /201
time segment T. To determine the sign of the angular deviation
of axis Ox7 from the velocity vector, one more channel is intro-
duced into the scheme, arranging the field of view at the apexes
of an lsosceles triangle. Calculating the correlation coeffi-
clents Kyju and KypUg between signals Up(t + 1), Upn(t), and
Up(t + 1), B (t), one can judge not only the value of the angular
dev1atlon, but also its sign, Actually, if KU1U2 = KU1U3 this
is evidence that the direction of the velocity véctor colncides
with the median of the trlangle and corresponds to the oriented
position of the SC. If Ky Ug > KyqU3, this signifies that the
SC is turned to the left w th respec% to the velocity vector,
and if Kyqus < KU1U3: then the SC is turned to the right.

Among other methods for course orientation of a vehlele, we
should 1nclude the use of various optical diaphragms which
transform a luminous flux from the moving image of the surface
in such a way that the position of the longitudinal axis of the
SC relative to the direction of flight can be judged from the
appearance and character of the random signal on the photoreceiver.

Simplest 1s the method based on the use of a slotted dia-
phragm. Its essence is the following. Located on board the
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Fig. 6.24, Operating
principle of a correla-
tion course attitude
control with a slotted
diaphragm: 1. correla-

tor; 2. processing unit.

moving SC which 1is oriented according

to the local vertical is an eleetro-optical

instrument whose "optical axis .. ‘
coinecides with the local vertical C
(Fig. 6.24). A slotted diaphragm, /202
whose length is many times greater than
its wildth 1s installed in the focal
plane of the objective in front of the
radiation receiver. In this case, the
field of view of the system on the
surface of the earth will be a greatly
elongated rectangle whose length may
comprise several kilometers or even
tens of kilometers. The orilented
position of the SC 1s consldered to be
the one in which the longitudinal axis
of the slit, rigidly connected with the
body of the SC, 1s directed along the
vector of relative velocity. The
property of the slotted diaphragm is

the fact that with the oriented position

of the SC a random signal on the output
of the photoreceiver is some smoothly changing curve in which the
predominant value 1s had by low-frequency harmonics. With the
transverse displacement of the slit, the components of harmonics
of higher frequency become part of the random signal. Some
intermediate values of the predominant frequencies will agree
with the intermediate position of the slit relative to the
veloclty vector. The simplest physical explanation of this
phenomenon 1s the following. Signal U(t) obtained from the re-
ceiver of radiation energy is proportional to the total energy
brightness of the elementary -emitters which have.landed . within the
limits of the fileld of view at a given moment. If this field of
view is displaced along its longitudinal axis, each of the random
emitters is located within its limits for a comparatively long
time, creating some constant component. With the displacement
of the slit-like field of view perpendicular to its longitudinal
axis, the elementary random emitters are located within its
limits only for a short time, which is determined by its small
width. But, with intermediate position of the slit, the time of
the emitters! location within the limits of the field of view
will be determined by the angle of deviation from the velocity
vector,

In the theory of random functions for a quantitative estimate
of the nature of change by a random curve, it is customary to use
its statistlical characteristic -- the value of the autocorrela-
tion function Ry(t). If we record some time delay T =Ty, the
value of function Ry(t) for the smoothest curve will be the
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greatest. With an increase in the frequency of the signal, which
occurs with a deviatlon of the slit from the relative velocity
vector, the value of the function RU(T1) will be reduced. Thus,
turning the SC for course until obtaining the maximum value of
Ry(ty1), we can determine the direction of the vector of relative
velocity and orient the SC.

Along with the use of autocorrelation functions for
determining the amount and direction of deviation of the longi-
tudinal axis of the SC from the velocity vector, mutual correla-
tion functions can alsc be used. In contrast to the preceding,
in this case the instrument should have four flelds of view, in
which regard, within the limits of each field of view, the radia-
tion lands on an individual recelver. The source of primary
information is provided either by the random distribution of
energy brightness of the underlying ground. covers or by the
random distribution of energy brightness of the firmament caused
by the 1lrregularity of arrangement ¢f the stars in the firmament.
The instrument's field of view is formed with the use of a
diaphragm with slotted apertures installed in the focal plane of
the objective. The slotted apertires. 1n the ~“diaphragm
are arranged in two parallel palrs at some angle B, which lies
within limits of up to 21 rad (Fig. 6.25).

The instrument is
I1nstalled on board the SC
so that the axis of the
objective coincides with
the direction of the SC
axis which is oriented
in accordance with the
local vertleal and the
pairs of slits would be

! arranged symmetrlcally
with respect to the axis
of roll for angles +B/2.

If the starry sky is
used as the source of
primary information and
the SC is oriented with
. regard to the local
Fig. 6.25. Diagram of an electro- vertical, the instrument's
optical 1instrument for course orienta- field of view should be
tion based on the use of the correla- directed at the starry

tion between signals of slit-like sky. The operating

fields of view: 1. objective; 2. dia- principle of the instru-

phragm; 3. receivers. ment consists of the
following.
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During the flight of ‘awehie¢le:oriented- relative-teo the-local
vertical, the image of -the starry sky will displace in the Tfocal
plane of the instrument. The images of individual stars,
passing through the slits of the diaphragm, will cause random
signals on the output of the photoelectric receivers.

When the longitudinal .axis of-the SC .(axis of roll) coincides
with the orbital plane, the time intervals during which the images
of the stars pass between the pairs of slits equal each other.
With: the deviation of the longitudinal axis of the SC from the /204
orbital plane, the time intervals of the passage cof the 1lmages
of the stars between one pair of slits of the diaphragm is re-
duced and 1s increased between the slits of the other pailr.

These time intervals, which characterize the deviation of the
longitudinal axis from the orbital plane, are determined on the
basis of the measurement of the correlation between the random
signals from the outputs of the receivers of radiation energy,
using photoelectric multipliers.

The basic advantage of the described methods of course
orientation of the SC are thelr complete autonomy and capabililty
to operate on the illuminated as well as on the dark side of the
earth. The heteogeneity of the radiating object 1s sufficient
for the stable operation of such course sensors. Under actual
flight conditions, it is always present.

£.6. Orientation Instruments Which Use the Sun as a Reference
Point

Electro-optical instruments .which. .use:r the sun -as.a.reference
point can be classified by purpose, precision in determining
the direction to the sun, and scheme of construction.

Two groups are distinguished by purpose:

- Instruments which serve for the determination of the
position of the SC in orbit or one of its structural
axes 1in space;

- Instruments which assure the matching of one of the S8C
axes with the direction to the sun with a given precision.

A1l instruments are also divided into two groups according
to the size of the zone of space lnstantaneously scanned:

- Instruments which instantaneously scan space within the
limits of the entire sphere;

- Instruments whose instantaneous fields of view have dif-
ferent sizes and forms and do not span the entire sphere
at once.
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According to precision in determining the direction to the
Sun, instruments are divided into coarse, which determine direc-
tion with a precision up to several degrees; exact, with a
precision up to several minutes; and precision, with a precision
Up to several fracticns of a second.

Any of the enumerated groups of instruments can be con-
structed 1n accordance with one of the following schemes:

- Instruments of the diaphragm-receiver type;
- Instruments of the optilcs-receiver type;
- Instruments which measure the amount of radiation flux.

In the simplest case, a solar orientation instrument with
circular scan can be reallzed with the use of several photo-
sensitive elements which are arranged on the body of the 3C in
a specific manner. In this, in a number of cases, the high
intensity of solar radlation permits getting by not only without /205
optical systems, but also without additional electronic amplifiers.

Thus, for example, if solar sensors are arranged on board an
SC 1n pairs in each side and a shading diaphragm is placed in
front of each pair as shown in Fig. 6.26, then in accordance
with the logic of the formation of control signals, the orienta-
tion of one of the axes of the SC in the directlon of the sun
can be assured. Actually, wilth the identical sensitivity of
opposing receivers, the signal at the output of the circuit changes
in proportion to the difference of the irradiated areas of the
radiation receivers

U=SE [(—-;—IAB) (?—159)] cosa:QESlABcosa,: (6.33)

where S is the sensitilvity of the radiation receivers; 4 is the
size of the sensitive layer of the receiver; % is the distance
from the shading diaphragm to the surface of the sensitive layer
of the receiver; A6 is the component of the error angle in the
plane being examined; E 1s the irradiance. created by the

the sun on the surface of the sensitive layers of the radlatlon
recelvers,

From this relation, it can be seen that the signal from the
output of a pair of receivers is proportional to the error
angle AG6.

If two pairs of receivers are placed relative %o one of the
axes with shading diaphragms in two mutually perpendlecular '
directions, they will assure the formation of control signals in
two mutually perpendicular planes, i.e., along two axes.

S~
n
(=]
o)\

, f
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orienting on the sun was
realized on the "Mariner-II"
spacecraft. The roll axis
was matched with the
direction to the sun. This
problem was solved wilth the
use of two palrs of re-

j This method of

axismof roll

;L-_Ir’_?__l ceivers (principal sensors)
e 2"';5; i1 |R of which one provided a

‘ 5 , pitch signal and the other

D ) a yaw signal., The fleld of

- = - N view of these two pairs was

Fig. 6.26. Principle of construc- n/4 rad. The remaining

tion of an instrument for orienta- part of the sphere was

tion on the sun with the use of a covered by similar pairs of

shading diaphragm: 1, 2, 3. pairs receivers, the signals from

of diaphragms. which, going to the control

system, caused the rotation

of the SC in the direction
of matching the field of view of the central sensors with the
direction to the sun. After the sun landed within the 1limits of
this field, control of the angular position of the SC was ac-
complished on signals from the prinecipal sensors right up to the
matching of the roll axis with the directlion to the sun.

- The solar sensors employed on the "Mariner-II" spacecraft
had the following characteristics:

Sensitivity (angular) 55 rad
Reslstance of the sensitivé field -

of the receiver bho2-4.4 ko
-Power:consumption 0.058-0.061 W
Field of view T/4. rad
Length of arms 28~41 em
Length of sensltive layer of receiver 0.127 £ 0.005 em
Mass ‘ 30 g

In flight, the system for controlling the orientation of the
SC "locked on'" the sun for 10 min, as a result of which the axls
of roll proved to be directed at the sun.

The merits of the scheme for the attitude control which has
been considered include simplieity of construction, low power
consumption, and small mass. A shortcoming of the scheme is the
necessity to have a large number of elementary sensors for the
simultaneous scanning of space in a solid angle of 4r sr, which
reduces the overall dependability of the system as a whole.
Another shortcoming 1s alsc caused by the large number of sensors
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in the system and consists of the fact that their arrangement on
board imposes certaln restrictions on the design of the SC.

Instruments of the diaphragm-recelver type for orientation
on the sun are somewhat more complex. In these lnstruments,
the shape and dimensions of the field of view of i1ndividual
sensors are determined by the shape and dimensicns of the
diaphragms installed in front of the recelivers (Fig. 6.27). The
use of several radiation
receivers with their own
dlaphragms provides the
opportunity to divide the
entire space into zones and

0 cone— oV er obtain information on the
! tNE [Unit- for position of the sun in a
syst‘?ﬁ'‘f%rmg:%ff_:’..n broad field of scan right up-
Eggscomj to a complete sphere.

To assure the least
time in searching for the
' S '+ sun and reduce the numbher of
Fig. 6.27. Diagram of an instru- sensors to the minimum, the

ment of the diaphragm-receiver field of view of each of them /207
type for orientation on the sun. should be maximum. However,

restrictions are imposed on

the size of the field of view
which are connected with the interference immunity of the instru-
ment. External interferences for solar instruments are the
radiations of the planets and the moon. The solar radiation-
reflected from these bodies is decisive (since their intrinsic
radiation becomes perceptible for wavelengths of more than
3-5 um, .the use of cuteff filters or receivers which are
insensitive in this regdon of the spectrum will obwvliate the
influence of this factor on the operation of the instrument).

The maximum allowable dimensions of the field of view can
be established on the strength of the following considerations.
If we consider that the minimum signal from the sun on the output
of the recelver should exceed the maximum value of the signal
from the background by m times, we can write the initial condi-
tion in the form

5
& .
m > eff min 4,34
> 2 Bk (4.34)
eff max

where m 1s the signal/background relationship; 25.. min 1S the
minimum value of the effective amount of radiation £lux from the
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sun which falls on the radiation receiver; ¢2ff max 1is the
maximum value of the effective amount of radlation flux caused
by solar radiation reflected from the earth.

Since @eff recelves its minimum value when the sun is
located at the edge of the fileld of vlew, the value ®3¢e¢ pin .
can be found from the expression

= Eglpneckg cos % cos £ (6.35)

S
®SFf min 5

where E is the irradiance created by.the sun on a small /U0
area of the sensitive layer of the receiver with the normal

incidence of the rays; Apec 1s the area of the sensitive layer
of the receiver; k. is the utilization factor of the sun's
radiation by the receiver; o and B are the angular dimensions of
the field of wview. _

The signal from the background or, what is the same thing,
the effective value of the radiation flux from the background
on the radiation receiver will be maxlimum with the complete
filling of the instrument's field of view with the radiating
surface. In this case

b
®eff max

If the background emitter is the earth's surface illuminated
by the sun then, considering it as a diffuse reflector which
follows Lambert's law and, on the strength of (1.16), we can
write

Espe
By = 7 .

where pe 1s the albedo of the earth's surface for visible solar
radiation.
Also replacing wy by

wy = OB,

we wrlte expression (6.36) in the form
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Egpe Egbe -
b _ 8 _ _8¥e
Yertr = T, PrecWy¥b = T Apecafky. (6.37)

Substituting (6.35) and (6.37) in (6.34), we find

(6.38)

effmln _— ks“’r COS.GJQCDS B/2
®8efma:  MRe aof-

or _
n> S cnsn’?eosﬂl’i’

hyRe Ly f

In a number of cases, for approximate estimates with some
assumptions, it can be considered that kg = kj, then

m> cosa::gcosgp] or‘.TH}o—n- cos a2cos 2 J (6.39)
Ce. al ‘ ve g -

whence the allowable value of the instantaneous field of view
will be

a . ,
w""f"{ a—;;cos. a/2 cos B/2. !

(6.40)

Formulas (6.39) and (6.40) permit determining the allowable
dimensions of the instantaneous field of view with a given
excess of the useful signal over the signal from the background.
On the basis of relation (6.39), graphs have been constructed
for various values of the angle B which characterize the change
in the quantity wPg as a function of angle-o (Fig. 6.28)

Thus, if the albedd of the earth's surface is taken as equal to
p v 0.3, the signal/background ratio, as can be seen from

the graphs can be assured as no less than 10 with B = 15.1.74-
.10-2 rad, if o < 150 +1.74.10-2 rad; with B 20-1.74. 10‘2rad,
if a < 140 +1,74.10-2 rad; if B = 30-1.74-10-2 rad, then

a < T20-1.74.10-2 rad and, finally, if 8 = 40-1.7h-10-2 rad,
then o < 85-1.74.10- rad.

Depending on the shape and dimensions of the diaphragms and

their mutual arrangement, various problems can be solved with
the use of instruments of this type.
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Thus, for example, if the
| diaphragms have the form of slits [61]
and form flelds of view in space as 1s
shown in Fig. 6.29, then by impartlng
rotation to the SC relative to. the y
axis, we can discover the sun and
match the x axis wilith the directlon to
it. In this, with the landing of the
sun in the fleld of view of sensors

O T T R PYT: | I or II having scanning angles a] and

, orad] 45 signals are formed in the control
Fig. 6.28. Nature of system which cause the turning of the
change in allowable SC toward the matching of the x axis
fields of view of solar with the direction to the sun.
instruments depending Naturally, the overall field of view
on mﬂ%.’. : in plane. xOy should be at least .

In order to determine the position
of the sun relative to the SC, an
o R instrument can be used whose simplified
|z - scheme is presented in Fig. 6.30. The
y i sun's rays fall on a group of photo-
| diodes through the luminous windows
of a diaphragm. With the rotation of
| the 3C, depending on the size of the
: angle between the axis of rotation and
| the direction to the sun, the sun's
rays illuminate the various groups of /210
photeodiodes. Signals arise on the
output of the illuminated photodiodes
on the basis of whose processing the
angle 1s determined between the axis
of rotation and the direction to the
sun.

Fig. 6.29. Instrument
for solar orientation
with slit-1like fields
of view.

In this indicator, the scanning angle within limits of from
+1.38 to -1.38 rad 1is divided into indlividual sections of
0.047 rad  each. To determine the dlrection to the sun, six
coding slits are used with the use of whlech a three-element Gray
code is formed. As a result, a binary signal 1s created which
characterizes the position of the axis of rotation relative to
the direction to the sun with a preelslon up to +1.74-10-2 pad.
When necessary,_the precision of the reading can be increased
to +0.2-3.5-10"3 rad through interpolation. A sun indicator of
thig type 1s used in a vehicle system described in [61].

To determine the direction to the sun relative to the axis
of rotation of the SC, an instrument can be used which is con-
styructed 1n accordance with a scheme with two Intersecting
fields of view which are formed by corresponding slotted
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diaphragms. The dimenslons

of each field of view are

i ol e | tafraf |

window

Fig. 6.30.

Gray code.

1 l.
ilq

Fi Y
Eigt]&dogfls
sensor
X

Field of
view of 2nd
sensor

Fig. 6.31. Diagram of the
arrangement of lntersec-
ting slit-lilke fields of
view in an Instrument
which determines the
position of the sun.

Simplified diagram of
an instrument for determining the
position of the sun with the use

of codlng slits which form the

7 1.3-0.0139 rad. A dlagram
114 of the arrangement 1s pre-
- sented in Fig. 6.31. 1In
2 1 this, the fleld of view of

one sensor lies in plane
Dy D, x0z and of the second 1s

arranged at an angle y to
the first and with its axis
is matched with the x axis.
If the SC 1s glven rotatlon
relative to the axls, then
from the difference in the
moments of the landing of
the sun in the flelds of
view and the appearance of
the output slgnals of the
two recelvers, we can determine the
angle between the directlon to the
sun and the axls of rotation of the
SC.

If we desilgnate by ¢ the angle
between the directlon to the sun and
the axls of rotation of the SC and
by ¥» the angle of turn of the SC
from the position in which the output
signal of one sensor had maximum
value to the position in which the
output signal of the second sensor
became maximum, then

cot ¢ = sin Y2 cot ¥y
(6.41)

The orientation of the SC is
determined and control commands are
generated on the basls of thils
equation.

Such a principle for determining the position of the axls

of rotation of a vehilcle ewlative to the directlion to the sun was
To increase reliabllity, two instru-

on the "Syncom'" satellilte.

used

ments are installed on the "Syncom" SC which determine the posil-

tion of the sun relative to the x axls.
such instruments displaced relative to each other by w rad [sic]
placed on board arocund the axis of rotation.

Furthermore, three more
are
These three
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additional instruments in combination with the primary ones
permit obtaining data on the position of the sun from all four
quadrants.

In order to exclude rotation of the SC, to seek the sun,
and determine its angular position, Instruments can be used
which permit scanning the entire sphere at once and issuing
information on the position of the sun relative to the axis of the
SC.

The system of solar orientation.described in-.work.[11]
censists of two dlametrieally rarrangsd-instruments with scanning
angles of 187€1,7M'10—2 rad, each scanhing -the entire sphere
at onece with-an .overlap of 0.245 rad. A typlcal &cheme. of one
such instrument is presented in.Fig. 6.32, o

The optical axis of the
instrument coincides with the
direction of the x axis of
the spacecraft. The axls of
rotation of a semitransparent
mirror coincides with the z
axls, and of mirror 4 with
the y axis of the SC.

Cylindrical lenses em~
ployed iIn the instrument
convert the point image of
the sun which 1s constructed
by a wide-angle objective
into a line which overlaps
the entire width of the
recelver's sensitive layer.

Fig 6.32. Typical diagram of a
wide-field instrument for orien-
tation on the sun: 1. wide-
angle objective; 2. step-by-
step motors(2); 3. semltrans-
parent mirror; 4. mirror with
hollow reflector; 5. anamor-

photic cylindrical lenses;
6, photovoltaic cells. :

We note that such an
instrument can be realized
with the use of a wide-angle
cbjective and one receiver
with a longitudinal photo-
electrlic effect, the signals
from which provide information
on the size and direction to
the sun with the instrument axis (Fig. 6.33). The nonlinear
dependence of the value of the input signals on the error angles
(amount of shift of the spot relative to the center of the layer)
causes the need to intrcduce into the make-up of the orientation
system computers with large storage which permit the unambiguous
determination of the coordinates of the sun in the instrument's
field of view from the magnitude and polarity of the signals
from the output of the receiver.
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- — The basic shortcomings of the /212
RN telo T instrument which has been considered
& are the dependence of the parameters
of the receiver on temperature and
] the dependence of the output sig-
1 nal not only on the angle of
; deviation but also on the power of
C@ ' the incident radiation. The latter
. dependence is excluded rather
easlly with the normalization of
the output signal in accordance
with the value of the voltage or
ecurrent which is caused by the
! transverse (regular) photoelec-
' - ..~ tric effect. Desplte this, in a
Eigi 6.%3. QPeEatlngtpﬁln- number of cases, such instruments
orgeztgtigﬁ ;EstingEn wgzh may not satisfy the requirements
the use of a photoecell with made of instruments for solar
longitudinal photoelestric orientation. Therefore, more
effgct- 4. b pcoordinates complex instruments are used with
£ 1 Lo e t a8 discrete output which is provided
© uminous spot. by binary photovoltaic cells..
Such instruments are free of the
indicated shortcomings and assure the necessary precision.

Position off?
‘%Uminoﬁsijs
.+ Spot

These cells are made with the engraving of a special
grid on the sensitive layer of the receiver. However, there
may also be another variant.

A sensitive layer is applied to a single backing which is
51it in several places for the entire depth to the backing so
that a number of independent sensitive layers of equal width are
cbtalned. Then, the entire receiver is covered from above by a
diaphragm with openings which represent a code grid. The
openings in it are arranged in strips above the corresponding
sensitive layers of the receiver. A dlagram of a binary

photovoltaic cell is presented in Fig. 6.34.

If there are six sensitive layers and there are openings
in each sectlon which are separated by opaque strips (respec-
tively, 32, 16, 8, 4, 2, and 1), this is equivalent to the
presence of the corresponding number of pairs of strips sensi- /213
tive and nonsensitive to radiation. Consequently, the resolution
of the sensor will equal

=0.05 rad
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Sincean optical sys-
tem with cylindrical
optical parts provides
distortion of the image on

I the edges of the field of
view, the shape of the

{

22?' openings in the diaphragm
Z

Y

N\

( or the engraving of fthe
1 recelver are made with

77 consideration of this
) distortion.
Fig. 6.34. Binary phoftovoltaie
cell. The cperating prin-

ciple of the instrument

considered consists of the
followlng (see Fig. 6.32). When the sun 1s located at an
arbltrary point of the fleld of vlew, its image 1s constructed
with the use of an objective 1, mirrors 3 and 4, and cylindrlcal
lenses 5 1in the form of focal lines in the planes of disposition
of the sensitive layers of the binary photovoltalc.celils.
Inasmuch as at the initial moment, mirrcrs 3 and 4 comprise
an angle of wn/4 rad with the optical axis, the position of the
focal lines in the form of which the sun is depicted on the sen-
gitive layer of the receiver wlll depend on the position of the
sun in the field of view.

If there is an error only for the z coordinate (sun in plane
x0z), the focal line on the left cell 6 will coinecids with
its middle with axis zz and will prove to be shifted along this
axis. In this regard, its removal from the center depends on the
size of the error angle between the x axis and the direction to
the sun. At the same time, the focal line on the right cell -
6, coinciding with axis xx, proves to be shifted along 1t in such
a way that the center of this line will not coincide with the
axis yy which passes through the middle of the receliver. 1In
this case, a signal 1s generated which is fed to the step-by-
step motor of the mirror 4 and it will turn around until the
middle of the focal line coincides with the axis yy.

After this, the output”signal from the cell 6
permits determining the position of the sun relative to the '
poptical axis unambiguously with a precision of up to 3-1.7M-10“2Iﬂd.

If there 1is an error in the y coordinate alone (sun in plane /214
x0y), the opposite picture is observed. The focal line is
matched with axis xx of the left cell but its middle is
displaced along this axis from some distance from the axis. The
distance is determined by the error angle. The error signal is
now fed to the step-by-step motor of mirror 3 which turns it
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around until the colncidence of the middle of the line of the
sun's image with axis zz. On the right cell 6, the focal L7
line, being symmetrically arranged relative to axis yy, proves
to be displaced along it from the center of the receiver for the
distance which is determined by the size of the error angle.

In this case, the signal from cell 6 determines the

amount of error:

With the arbitrary position of the sun in the field of view,
the signals for the turning of mirrors 3 and 4 until the sym-
metrical arrangement of the lines of the sun's image relative
to axes zz and yy, respectively, are fed to both step-by=step
motors and information about the angular coordinates of the sun
relative to the x axis is obtained from the output of the
cells.

When the sun is in a zone overlapped by both instruments,
the selection of the necessary control signals is accomplished
by shifting the signals.

The described instruments possess the followlng character-
isties:

Focal length 6.5 mm
Field-of-vision angle , 187-1.74.102 pad
Size of image (along the diameter) 17.6 mm

Relative aperture 1:6.3 or less
Resolution 60-100 lines/mm
Overall dimensions length - 49 mm and

diameter - 73.5 mm

Mirrors 3 and U4 are placed between the objective and the
cylindrical lenses and provide the possibility for displacing
the image by 18.6 mm along axes xx and yy.

Inasmuch as orientation on the sun with a precision of /215
3'1.711-10'2 rad may prove insufficient for the solution of some
problems, precise sensors of the sun's position are used in
aggregate with the instrument examined. These sensors (the dia-
gram of one of them is presented in Fig. 6.35) are based and
operate on the same principle and with the use of the same bi-
nary ' photovoltalc cells as the coarse ones. The only difference
is that to assure the required precision in determining the
sun's position, the fleld of view of this sensor is 6-1.74.10-2
rad, the focal length of the objective equals 185 mm, and the
semitransparent mirror is stationary. As a consequence of the
small fleld of view, no substantial distortions of the image are
observed. Therefore, cells with straight grids (diaphragms) )
may be used.
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optical sun seeker

which is being examined

includes coarse and pre-

oning & 3.mm - cise sensors., The coarse

(detergir;ésﬁthe | sensor, catching the sun's

) el e-he | radlation, puts out a
%ms%th? © e signal from which the

.5 indicating axis) optical axis of the precise
) sensor of the discrete

, Thus, the electro-

op

3
- type coincides with the

Fig. 6.35. Diagram of a precise direction to the sun with
position indicator: 1. point of a precision of *1.5-
suspension; 2. objective (f - +1.74+10~2 rad. The
18.5 em; 2W = 6.1-1.74-1072 rad); position of the precise
3. ¥ sensor; 4. z sensor; 5. semi- sensor is fixed in this
transparent mirror. direction by the indi-

cating axis which lands in
one of the openings of
the recording collar. This collar 1s a hemisphere with an inner
radius of 490 mm. Precise determination of the coordinates of
the sun is accomplished with the use of two photovoltaic.
cells installed in two fecal planeg of the objective and
arranged at an angle of /2 rad to each other.

The block diagram of the instrument (precise or coarse chan-
nel) is presented in Fig. 6.306. The indicator system generates
positive or negative slgnals relative to the average position
in binary code. These signals go the electronic circuit over /216
12 channels. The information which has arrived is processed in
the logle unit, where control signals are formed which are fed
both to the step-by-step motors (in the coarse instrument) and
to control the orlentation of the SC.

The solar attitude control can alsc be used as a yaw sensor.
However, in this case the veloclities and angles of pitch and
roll should be determined by other methods, for example, with the
use of horizon-tracing instruments. 1In the determination of
the angles of pitch and roll with a precision on the order of
5-1.74-10‘2 rad, the Srror i1n measuring the angle of yaw should
not exceed 4:1.74-107< rad. This error can be reduced by in-
creasing the precision of measurement of the angles of pitch and

roll.

In connection with the fact that two instruments are in-
stalled on board the SC which provide an overlap of 14.1.74.10-2
rad, in . this zone, the sun is recorded at once by both
sensors, which can be used for the approximate determination of
the angular velocity of the SC during the measurement of the time
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of a half turn of the SC, i.e., the time segment between the
moments when the sun lands in the zone of overlap of the
instruments.

Istep-by
step . .
— ] motor ‘Magnetic
Y Sensori— for =z storage
Positive —_ mirror .
value of . o
x of pre- 6-channel Logic Computer
cise or j lZ-channel| |[trigger circuit| |for dif- To chan-
coarse selective circuit feréntial nel &f
sensor ~ eireuit of] |with feed- amplifier
Lﬂz sensor}-—apositive back a(discrim— system for
or nega- inator) orienta-
— ~ltive tion along
Y Sensor| slsignals z the yaw
o ' axis
Negative |
value of
x of pre- 6—-channel | [Logic
cise or trigger circuit
coarse circuit
Sensor ) with feed-
z sensorl—- |back ,
L ‘|step-by-
step
motor for

Yy mirroxr

Fig. 6.36. Block diagram of an instrument to
determine the sun's position.

As an example, let us consider a system for orientation on

the sun which also consists of coarse and precise instru-

ments (Fig. 6.37). The role of the coarse oriéntation sensors

is accomplished by four photocells which assure the search of

the sun and its landing in the field of view of the precise
channel. The photocells are placed beneath a screen which covers
them from the sun's rays in the case where the sun is in the

field of view of the precise channel which equals 1-1.74.10-2 rad.
A two-mirror objective, photoelectric receivers, and an elec-

/217
tronic unit are used in the precise channel.
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Used as radiation recelvers

mirror

| Sun-. b are silicon photocells which are
| ; - . sensitive in the spectral band
*ﬁensaraxis from 0.4 to 1.15 um with maximum
R i o sensitivity on a wavelength of
/ \ Secondary S 0.85 um.

; Information about the angular
f coordinates of the sun relative

j to the axis of the sensor is
T _/ generated on the signals of

* three sector photocells on which
Fig. 6.37. Diagram of an the sun's image is projected
instrument for solar orienta- (Fig. 6.37). In this case, the
tion, error signal for the x coordinate

is obtained with the comparison
of the output signals of photo-
cells A and B, and for the y coordinate, of photocells B and C

Such a scheme for obtaining error signals causes a consider-
able influence of the difference in sensitivity of individual
receivers on the precision of the 1lnstrument. To eliminate a
possible change in sensitivity, a calibration system 1s used in
the instrument which permits
compensating for the mutual change
in the sensitivity of the receivers
in the process of operation with

/ the automatic adjustment of ampli-
! fication of the signals. In: this
/ case, the signal of one of the
photocells is taken as the reference
./ o signal. Calibration is accomplished
) scgﬁi’iié with the use of a neon bulb which is
= fed by a pulsed voltage. The

i/ sector
: flashes of the bulb, which recur

with a specific frequency,
uniformly illuminate all receivers
through the semitransparent mirror
and cause the appearance of an al-
ternating component in the signal
on their outputs (in contrast to
the constant component caused by

Fig. 6.38. Arrangement

of receivers in the chan-
nel for precise scolar
orlentation: 1. preampli-
fler unit; 2. photocells of
the coarse system; 3. secondr
ary mirror; 4. primary
mirror; 5. semltransparent
mirror; 6. photocells of the
precise system; 7. callbra-
tion bulb,.

sighals go to a comparison device
which provides the corresponding
adjustment of amplification over
the channels. The block diagram
of the precise sensor of a solar
orientation system is shown in
Fig. 6.39.
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Fig. 6.39. Block diagram of a channel for precise solar
orientation.

.'76*7 Electr@ Optlcal Instruments for Orlentlng Spacecraft by the

Stars

Electf@—@ptical Instruments for orienting a vehiele by the
stars together with instruments for orientatieon by the sun are
intended for the stabilization of the SC in space with a given
position of its axes.

At each point of the flight trajectory of the SC which
corresponds to a completely determined moment in time, the angle
between the direction to the sun and a selected star will have
a previously known value. If the optical axes of the soclar and
star instruments on board the 3C are placed at an angle ¥y to
each other which corresponds to the angle between the directions
to the sun and the star at a given moment, then with the ac-
complishment of the orilentation, the position of the SC in space
will become known.

In order to accomplish the orientation of the SC in space
with the use of the sun and a star as reference points, it is
first necessary to orient the solar channel on the sun. Since
the sun 1s.the most powerful emitter within the limits of the
solar system, its search and orientation on it cause no special
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difficulties. On completion of orientation on the sun, to seek
the star, rotation is imparted to the SC relative to the axis
directed at the sun. In this, the-:-field of view of the star
¢hannel of the sun-star orientation system will describe a
conical surface in space which passes through the selected star.
Thus, during a complete revolution, this star must fall within
the limits of the field of view of the instrument.

Orientation of the SC on the sun and one of the stars pro- /219
vides the possibility of not only knowing the position of the SC
in space, but also assigning it. To give the SC the required
position in space, it is necessary to move the optical axes of
the solar and star channels of the system which records the
sun-SC-earth angle (SUE)} on board simultaneously relative to the
body of the SC (relative to all three axes) without changing the
established value of the SUE angle. The movement of the fields
of view of both channels relative to all three axes requires
rather complex kinematics.,

Another method i1s also possible to assure the given position
of the SC in space in which the instruments of the system only
record the SUE angle on board. Upon completion of orientation
on the sun and star, the necessary turns of the SC relative to
all three axes to the required position are accomplished on the
commands of special sensors, for example, gyroscoplc, with the
introduction of the appropriate units. A shortcoming of this
method is the impossibillity of cheeking the position of the SC
which it occupied in space after accomplishment of the turns.

However, regardless of the method of giving the SC the
required position in space, the composition of the system should
include an instrument which tracks the star along with the
instrument for orientation on the sun,

Different c¢ircuit solutions of Iinstruments for tracking a
star are possible:

- Instruments based on the use of electronic scanning (with
the use of dissectorsiand others);
- Instruments with mechanical modulating and scanning devices,

Let us consider a scheme for a star tracker intended for
tracking a star and based on the use of an image dissector.
The scheme for such an instrument should include: an objective,
image dissector with a focusing-defocusing system, dissector
power-supply unit, and an electronic circult for discriminating
control signals.

The baslic element of the star tracker is the dissector
which provides a field of view of the instrument of
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5.1.74-107° x 11-1.74:10"2 rad. With this, thanks to electronic
scanning, tracking is attalned within the limits of a cone with
an apex angle up to 28.1.74.10-2-30-1.74-10~2 rad in accordance
with the change in the SUE angle.

In the operation of the 1nstrument, 1ts obJective constructs
the image of the sky in its focal plane where the end of a fiber-
bunched conductor is located. The image constructed on the fibers
is transmitted to the photocathdde of the dissector and causes
the emission of electrons. In thils, the flux of electrons is
proportional to the incident radiatlon flux. The constructed
image 1s read by an electron beam.

If the star which has been selected as a reference point is
not located on the axis of the instrument and its image is not
constructed in the center of the photocathode, a sequence of
pulses arises on the output of the photomultiplier. In this, an
error signal is formed with the comparison of the phases of the
operating and reference voltages. On the basis of these signals,
control commands are generated which put the SC into a turn in
the direction of reduction of the error. Most often, stars are
selected as reference polnts which possess the greatest visible
point brilliance (Sirius and Canopus).

The ampllification stage is so constructed that, with the
landing of the star in the field of view of the instrument, the
rotation of the 3C around the longltudinal axis stops and the
lock-on on the star and its subsequent tracking are accomplished.
This principle was realized in the star trackers of the "Mariner-
IV" SC [60]. The search for the star began after localization
of the axis of the solar channel in the direction of the sun with
the forced rotation of the SC around thils axis.

In[electro—@ptical instruments for orientation on thé stars
with the use of modulating and scanning devlices of the mechanical
type, the search for a star i1s also accomplished by rotating the
SC relative to the axis of roll oriented on the sun,

One of the variations of such instruments is intended for
operation on point emitters, which stars are, and does not react
to the radiation of extended sources (earth, moon) during flights
in near-earth space. The instrument generates the necessary
signals only in those cases where the irradiance ‘
ereated by a star which has fallen in its field of view lies
within the limits of from 0.67 to 1.5 in comparison with the
frradiance from the star Cancpus.

With the landing of a star in the field of view of the
instrument, it provides the following types of information:
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A
Fig. 6.

A signal about the presence of the star Canopus (or some
other one) in the field of view;

A signal which characterizes the angular position of the
star in the plane of rotation and which i1s the input sig-
nal of the control system which assures the required
orientation of the SC on the star;

A signal propeortional to the radiation flux of the section
of the sky which has landed in the instrument's fleld of
view.

functional diagram of the instrument is presented in
40. The command for tracking a given star is glven after

a comparison of its radiation with the sun's radiation.

Star's Sun’'s )
radiation l radiation - Star-signal Unit for forming
N filter J|signal from sec- |—
Optical J— tion of the sky
system PM
’ Sun-signal]
filter
Reference- Power supply Amplifier for Logic unit for indi-
signal  ~ unit for PM automatic gainld {{lcation of Canopus
geners; control
5U ms l
Reference- Quenching-| " Phase-sensitive
signal » 5ignal sldetector
detector _| generator QEE_‘z'z ns
= 50 ms
100 ms

Fig. 6.40. Functional diagram of an instrument for

orientation of an SC on a star.

The radiation of the star, passing through the protective
glass after reflection from the rocking search mirror, is sent
to the lens objective by the scanning mirror. . A modulating

disk 1is
assures

installed in the focal plane of the objective which
modulation of the radiation flux from the star with a

frequency of 3.9 kHz. The modulated radilation goes to the photo-

cathode
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The solar radiation is also directed to the photocathode /221
of the PM over its own channel with the aid of a miniature op-
tical system through an attenuating filter and a system of
cptical parts. The possible effect of a change in the angle of
incidence of the radiation is eliminated by the use of a diffuser
of milky glass. A special corrective filter is used in the
optical system, thanks to which the spectral composition of the
so0lar radiation which has entered the instrument is modified and,
at the output, becomes similar to the spectral composition of the
radiation of the star Canopus. The solar radlation is modulated
similar to the radiation of the star with the aid of a modulating
disk. The radiation which is modulated with a freguency of
2.3 kHz 1s focused on the photocathode in the same place where
the image of the star 1s constructed.

Thanks to the different modulation frequencies, the signals
from the star and sun can be separated on the output of the PM
by special electrical filters tuned to the corresponding
modulation freguencies.

The signal from the output of the solar channel is used for
the automatic adjustment of the amplification of the amplifier
which controls the high-voltage power supply unit of the photo-
multiplier and, consequently, its amplification factor. This
cirecult maintains the signal in the solar channel at a fully
determined level.

In this case, the output signal of the star channel is
proportlonal to the” 1rrad1ance ratlo of the sun and the

star.

For the formation of the three signals mentioned earlier,
the voltage which corresponds to the star channel, modulated
with a frequency of 3.9 kHz is fed from the output of the PM to
three independent electronic circuits (see Fig. 6.40). Modula-
tion of the radiation is accomplished by a scanning mirror which
rocks with the aid of a cam of a specific shape which assures the /222
linear law of scanning in a large part of the field of view.
The scanning period equals 50 ms; in this, the duration of the
return motion does not exceed 10% of it and comprises 4.4 ms.

When the amplitude of the slgnal in the star channel is
within limits of the threshold values on the output of the
presence unit, a signal appears which indicates the appearance of
the star in the instrument's field of view.

Simultaneously with thils, the signal from the output of the
rescnance filter is fed to a phase=sensitive detector to which
the square pulses of the reference voltage also go. Thanks to
the comparison of the operating and reference voltages, a
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direct-current voltage is created on the output of the phase-
sensitive detector which corresponds to the position of the star
in the field of view. In proportion to the movement of the star
from right to left, the output voltage changes from positive to
negative and equals zero when the star is located in the center
of the field of view.

Furthermore, as can be seen from the block diagram, the
signal from the output of the filter 1s fed to the unit which
forms a voltage propotional to the total radiation flux in the
star channel, This voltage 1s transmitted over the telemetry
channel to the earth and can be used to organize the search for
the star on commands from earth. In this, the orlentation of the
longitudinal axis is accomplished in the direction to the sun
and rofation around this axis is imparted to the SC with a veloc-
ity of 0.5-1.74.10-2 rad/sec. With the landlng of some star in
the field of view, information about 1t is transmitted to earth
to verify whether it 1s the star Canopus.

Another method of checking consists of recording all stars
which land in the fileld of view during the time of a complete
revolution of the SC relative to the longitudinal axis. The
chart which is thus obtained is compared with a control chart.

After the conduct of the correction for the check, the SC
is again orlented on the sun and Canopus.

An instrument of this type was used on the "Surveyor" SC
for orientation on the sun and a star in the execution of correc-
tion of the trajectory during the flight to the moon. It had
a field of view of rectangular form with dimensions of
4-1.74-10-2 rad in the directlon of rotation and 5+1.74:10-2 rad

in the direction of search (parallel to the direction to the sun).

The designh of the instrument permits moving the field of view of
the instrument within limits of +15-1.74.107° rad. This pro-
vides the opportunity to so tune the instrument that the lock-
on on the star Canopus is assured with triggering during 48

days from the day of the adjustment of the instrument. The mass
of the instrument is 2.0 kg.

The reliability of this instrument is 0.97 for a time inter-
val equal to 66 h.

In flights in near-earth outer space, the use of the sun and
star for orlentation is not always convenient. Sometimes, orien-
tation of the SC on stars alone is more rational.

For such orientation, a system may be used which consists
of siX tracking instruments capable of discovering stars and
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tr@Cking them. They are arranged imnm pairs reltative to each
axls and directed in the oppesite directions.

Each direction finder 1is a two-stage tragking electro-optical
Instrument with a field of view of 1-1.7’4-10‘2 rad. The re-
celver of the instrument is fastened to a movable platform which
can reoek in Swo mutually perpendicular planes within limits of
+43.1,74.107¢ rad. The block diagram of one astrotracker is
presented in Fig. 6.41 and a diagram of i1ts optical system is
shown in Fig. 6.42.

Radiation
l l l l of star
Star \
el p - . Signal of presence of star
Optical Noise J detection|. 9 P >
system " lamplifier circuit £ reference
§||| Radiation flux : 1
(] il from output To drive of
' . internal uni-
ifi|' of scanner PaResoya?ce J Detector | Synchronous |
P amplifier detector 1 -oi
I,I' T versal Jjoint
i .
i ; } i Circuit for| Zerc error
PM [—3)Preamplifier Resonance T “#determining ————>
. o 4 Detector ]
amplifier —x ZEro error signal
. - Y
G To dri f
thesogagce Detector Synchronous o drive o
amplifier detector ——>
_ . external
‘ univeral
' ‘ | Reso?aece |Detector , . Jeint
Automatic gain amplifier g '
centrol f, reference
signal

.Fig. 6.41. Functional diagram of an
astrotracker.

The primary mirror of parabolic form with a diameter of
87.5 mm with focal length f' = 127 mm directs the radiation of
the star to a reflector of two mirrors which separate the radia-
tion flux in two directions in mutuslly perpendicular planes.
After reflection from the mirrors of the separating unit, the
radiation flux in each channel is modulated with the aid of
oscillating modulators arranged in the focal planes of the
principal mirror.
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In this, to exclude uncertainty, cne of the modulators-
oscillates with frequency 3 and the second with frequency
% . The modulated radiation is directed to the photocathode
0 the PM with the use of the optical system.

After preliminary amplification, the electrical signals which
arise are fed to a resonance amplifier tuned to frequencies /224
1, 2y, I, 2f5 and also to the noise amplifier. The signal
from the output of each amplifier is fed to the detector. The

tetal signal from the ocutput of all
detectors is fed to the circuilt.-for
the formation of the "presence"
signal.

In normal operating mode, when
the image of the star is within the
1imi€s of the field being scanned, the
level of the external noises is not
great and the circuit for the forma-
tion of the "presence signal puts
out a signal for lock-on and
search stops.

.'I)

occuples zero position with respect
to the axis of the instrument, error

i . As soon as the image of the star

Primary AN signals no longer arise on freguenciles
i parfnﬁlr)g%%,c 3 f1 and f2, as a result of which the
; s slgnal of zero position of the star
Fig. 6.42, Diagram of appears.
the optleal asystem of an
astrotracker. Identification signals on fre-

quencies 2f1 and 2, are used for the

automatic adjJustment of the amplifi-
cation factor of the automatic gain control during control of
the power-supply unit of the PM. This 1s necessary to maintain
steady tracking.

When radiation from the .moon or frém cloud éover- on. the .. -
earth falls.into the field of. view during search, the nolse amplifier
generates a signal which suppresses the presence circuit. As a
result of the false signal, tracking does not arise and search
can continue. ‘

A synchronous detector i1s used in the circuit to increase
reliability in discriminating operating slgnals. The reference
voltage is fed to 1t over the synchronization circuit.

The asftrotracker operates in two modes: search and tracking.
Inpthe search mode, when the axis of roll is orilented on the sun
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and the axis of the astrotracker is given the reguired angle
with respect to the axes of the 3C, search and lock-on on the
star are accomplished. When the astrotrackers simulfaneously
glve out signals about locking on the star, rotation of the 3C
relative to the axis of roll stops and the system changes from
the search mode to the tracking mode. With this, each astro-
tracker accomplished the tracking of its own star,.

On obtaining signals from four astrotrackers, the control
system automatically changes from solar orientation to orienta-
tion on stars. The astrotrackerg assure the trackling of a star
with a precision of +30.4.85.10-% rad. In this, normal function=
ing is maintained with angles begtween the directions to the star
and sun of at least 30:1.74-107< rad.

Orientation of the SC in space can also be accomplished with /225
the use of a star field rather than individual stars. In the
realization of such a method, there is a chart of the correspond-
ing section of the starry sky on board the SC. The search of
the reference direction is accomplished by the system indepen-
dently. In the search process, a comparison of the observable
star fleld with the chart is performed Matching of the visible
star field with that prescribed is accomplished with the use of
a comparatively simple electro-optical instrument,. a disk (Flg
§€.43). The mutual arrangement of the openings corresponds
exactly to the prescribed picture of the stars. The diameters
of the individual holes in the standard chart are less than the
"width of the pencils which diverge from the image of each star
at the places of their intersection with the plane of the chart.
This provides the opportunity to obtain information about the
slope of the sighting axls of the Instrument relative to the
star field,

With the correct orientation of the 3C relative to the
star field, the rays from each star pass through the corres-
ponding openings in the standard chart and are collected by a
condenser on the sensitive layer of the radiation receiver or in
the correlation plane. A photomultiplier with an. /226
antimony-cesium photocathode is used as a radiation receiver in
the instrument. A modulating disk with a slotted raster applied .
to 1t 1s placed directly in front of the photocathode.

With correct orientation, all the beams land in a given zone
of the photocathode and form one luminous spot on it. If a
slope of the axls arises, caused by a change in the spatial
orientation of the SC for roll or pitch, some decorrelation
oceurs: fThe spot is shifted in a direction opposite to the
deflection of the star field from the axis being oriented and is
slightly extended 1n the direction of the shift. This provides

241



an error signal which contains information both about the amount
as well as the directlon of slope of the SC relative to the
reference direction.

The turning of the object relative to the reference direc-
tion (naturally, with this the standard chart also turns) causes
an increase in the dimensions of the Iluminous spot in the plane
of the photocathode of the PM which leads to a reduction of
1llumination in the spot. This 1s caused by the fact that it is
not the central rays whlch pass through to the photocathode but -
the outer ones which go toward the optical axis at large angles.
A reduction in the illumination and the imprecision of the spot
lead to the appearance of an error signal which characterizes
the value of the deflection angle.

In order to obtain information not only about the amount but

also about the sign of the deflectlon angle, two identical
groups of holes are made on the standard chart which correspond
to the selected star field and are shifted relative to each:
other by some angle o (see Fig. 6.43b). This provides two
separate correlatlon funetions. The difference between the two

outputs characterizes both the amount as well as the direction of

turn of the c¢bject relative to the reference directilon.

In the process of search, the disk with the standard chart
is turned around the optical axls with the aid of a moter until
the correct orientation relative to the star field is attained,
which is determined from the position of the luminous spot on
the photocathode and the illumination in the spot. For the

operation of the lnstrument, the preliminary alming of its sighting

axis at the_center of the selected star field with a precision of
10+1.74°10-2 rad is nécessary.. With flights within the limits of

the solar system, thilis requirement is easily satisfied since 1in
this case the SC will move in the plane of the-etliptic. A
simple instrument for orientation on the sun can be used for the
solution of this problem. With the aid of this instrument, the
axis of suspension of the star instrument is directed at the sun
and is'kept in this position for some time, With completion of
the orientation of the axis of suspension on the sun, the
instrument for tracking the star field begins to rotate relative
to the oriented axis, accomplishing the scanning of the circular
zone of the sky where the selected star field is situated.

If the time of the start of the orientation is known, i.e.,
if the orlentation of the star fleld relative to the star point
of space where the SC 1s located 1s known, the disk with the

standard chart can be turned ahead of time relative-to fthe optical

axis by the required angle. As a result of thils, after the
accomplishment of one or two complete revolutions of the SC
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around the axis oriented on the sun, the optical system for

tracking the star field will prove to be approximately matched

with the center of the star field.
precisely oriented on the star field.

From star No. 1
Objective

——
e -

Condensér
a) Diameter of pencdil of
| rays from a- star in

1, 2 1340

.,l' 2',3 PR
openings in the dlaphragm
which correspOnd to ‘the

standard chart of the sec-
tion of-the- starry sky

b)Y e

Standard star chart

Correlation

Error. Errer:
signal signals

slope-

‘ro%atlon

Subsequently, the SC 1is

Fig. 6.43.

Schematic dilagram of an electre«optical
instrument for orlentation of a vehicle
star field: a. diagram of the optical
system; b, disk with two indentical groups
of openings whilch correspond to the chart
of the starry sky; 1,2,3...,1',2',2'...
openings in the diaphragm which correspond
fo the standard chart of the section of
the starry sky.

The correlation method feor forming control signals used in

the 1lnstrument cons
ference on the part

iderably reduces the probabllity of inter-
of the planets and other nonstellar sources
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of light. Furthermore, this method assures increased sensitivity
since the radiation of several stars is summed on the
rhotocathode.
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 CHAPTER 7. SPECTAL ELECTRO-OPTICAL.INSTRUMENTS OF SPACE SHIPS /2028

1.1, TypeS‘and‘Pufposé'Of‘Spécial'Eléctrd—bptical.Instruments

Special eléctro-optical instruments are intended for the
solution of problems which are connected with the basic functions
of a given space ship. Depending on the purpose of the SC, this
type of electro-opticalreguipment can be divided ‘into several groups:

- Tnstruments for the detection and measurement of infrared,
visible, or ultraviolet radiation of ground and space ob~
Jects;

-~ Instruments for the meteorologlcal investigation of the
earth's surface and the atmosphere;

- Instruments for the determination of relative linear and
angular coordinates of the SC.

The first group is made up of radiometric and photometric
instruments which have different purposes and schemes 1n which
regard, at the present time, radiometers have received greater
propagation on unmanned SC. They are used to detect an object
by the contrast of its intrinsic or reflected radiaticon with the
background and they investigate and measure the characteristics
of this radiation to obtain information about the object or solve
,ﬁther seientific and technical problems. Along with special
radiometric equipment, the group of elactro-optical instruments
of weather AES [Automatic Earth-Satellite ] is. made up of actinom-

eters, ° reflexométers, photo-television instruménts; .and so.forth.
Assemﬁledjas a- set on.board the AES, these instruments assure .the
measurement-of the.radiation chara¢teristics of-'the earth and the .
atmosphere, the investigation of the dynamics -of change. in the |
thermal balancean the earth, the movement and development of
cloud cover, and .so forth. - '

For a number of SC, one of the most difficult tasks is the

. accomplishment of .rendezvous and docking. Along with radio-ftechnical
systems,. these operations can be accomplished witlf the aid of

special electro-optical equipment, for-example, rangefinders .and
locators which assure control of the movement of the :

carrier until. doecking. . A special group of instruments which
accomplish. the nmeasurement of. parameters relatlive to the movement

of the SC is made up of various electro-optlical instruments with
lasers which will be examlned below. '

The variety and specific properties of the problems solved
with the use of special eléctro-optical ecgulpment of the SC. does
not permit examining, in the space of one chapter, all possible
vari2tions of equipment of this type which 1s employed and pro-
jected. Therefore, in a number of cases the presentation of the
material is limited to information on theory and the bases of
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construction which permit the easy clarification of the operating
principles of the instruments which are already known from other
fields of application.

One of the types of electro-optlcal equipment which is employ-
ed on space carriers consists of instruments for the detection
and recording of the thermal radiation of ground objects. They
are used in meteorology to obtain thermal charts of the cloud
cover and the earth's surface and to determine the thermal radia-
tlon and reflection coefficients of sections of the earth's sur-
face. The high degree of resolution obtained with the use of
such Instruments permits obtaining images not only of sections
of the landscape but also of individual heat-radiating objects.

Despite the varlety of methods of constructlon and prodéedures
for recording the signals which are received, the instruments of
this type are based on the use of one common principle which con-
sists of the fact that, because of the difference in the tempera-
ture and emissivity coefficient of two adjacent sections of the
surf ace of the landscape {an object with a background) the radia-
tion receiver installed in the instrument records the correspond-
ind difference in radiation fluxes which are emitted by these
surfaces (objects).

Several principles for the construction of the instrument's
circuit for the detection and recording of the thermal radiation
of objects are known, for example, the electron-optical converter,
evaporograph, the IR radar, and others [16,18,25]. However, for
use on a space vehicle with the automatic recording and proces-
sing of information which 1s obtained, various types of radio-
metric instruments are employed which are divided 1nto several /229
groups depending on the method of recording the signal, principle
for scanning space, and the circultry of the basic units.

According to method of recording, instruments of this type
can be divided into two groups: 1) thermographie in which the
information which is received is recorded by a video tape recorder,
oscillograph, or other recording device; 2) thermovisual instru-
ments or televisions in which the construction of the image of
the heat-radiating object 1s accomplished. In the latter, it is
necessary to use a television channel for the transmission of
information to earth or the delivery of photographs of the picture
which has been obtained.

According to the principle for scanning space, radiometric
instruments are divided into instruments with a constant angle
of coverage (without scanning) and scanning radiometers. Multi-
gelement (mosaic) radiation receivers are usually used in instru-
ments of the first group to increase the angle of coverage. In
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scarning radiometers, the
- _ _ scanning of space within lim- -
2 T ' i its of a given solid angle is
' dccomplished with the use of
J a special scanning system. De-
. pending on the design of the
" . scanning system radiometric
finstruments can be divided in-
| to instruments with optical-

mechanical, electronic, or
: ' luminous scanning.

Fig. 7.1. Block diagram of a
radiometer. 1. objective; 2. Photo resistors which
standard emitter; 3. condenser; are sensitive to infrared rays,
4., radiation receiver; 5. am- thermistors, bolometers, and
plifier unit; 6. signal-record- also speclal semiconductor-
ing units; 7. mirror modulator. type receivers or mosale tar-

gets of electron tubes of vidi-
con, thermicon, and other systems are used as radiation receivers
in radiometric systems. The characteristics of the recelver deter-
mine the spectral operating range of the instrument, its thresh-
0l1d sensitivity, and a number of other basic parameters.

Figure 7.1 presents the block diagram of a radiometer with
a constant angle of coverage and one radlation receiver. The
radiation flux from the object is collected by the objective 1
and is focused onto the sensitive surface of the receiver 4.
A mirror modulator 7 is installed between the objective and the /230
recelver and rotates around an axis which is placed at an angle
of m/4 rad to the optical axis of the objective. With rotation,
the blades of the modulator interrupt the radiation flux which
is falling on the receiver and this permits using circuits on
alternating current in the amplifier units 5 and recording units.
For calibration of the instrument and to determine the absolute
values of the signal beling recorded, provision is made for a stan-
dard emitter 2 in the circuit of the radiometer, the radiation
flux from which 1s sent to the receiver with the use of the modu-
lator during those periods when the modulator interrupts the
radiation flux from the objective.

Figure 7.2 presents the block diagram of a radiometriec instru-
ment of the second group - a thermovisual instrument with an op-
tical-mechanical scanning system. The radiation flux from the
object falls on a rotating prism 4 which is fastened in a univer-
sal joint 3. The flux which has been reflected from the faces of
the prism is collected by the obJective 7 and is focused on the
radiation receiver 6. Secanning by frame is provided by the rock-
ing of the prism 4 around the optiecal axis of the objective through
the angle ap with the use of the drive 1. Scanning by line is
agsured by the rotation of the prism from the drive 13. Pulses
whieh characterize the processes of scanning by frame and line
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Fig. 7.2.

Block diagram of a
thermovigsual instrument with an
optical-mechanical scanning sys-

tem: 1. scanning drive by frame;
2. pulse sensor by frame; 3.
universal joints; 4. rotating
mirror prism; 5. sensor of scan-
ning pulses by.line; 6. radia-
tion receliver; 7. mirror objec-
tive; 8. unit for the control

of frame scan; 9. unit for the
control of line scan; 10. unit
for amplification of signals

from radiation receiver; 1ll.
catheode-ray tube; 12. 1image of
heat-radiating objects of the
screen of the tube; 13. drive
for-scanby line; aa. direction
of movement of the carrier.

-~

s ray tube 11 on whosSe screen

are transmitted by pulsed
ensors 2 and 5 to units 8
and 9 which control the scan-
ing system of the cathode-

'the image (heat chart) of the
‘object 1s created. The angle
of coverage for frame Wy is
'determined by the turning
'1limits of the prism 4 and the
size of the 1line &, - by the
instantaneous fiel&—of—vision
angle of the instrument Wy=
d,. , where d, is the diameter
'  of the receiver and f'

1s the focal length of the
objective. In some schemes, /231
a multi-element radiation
recelver is used instead of

a single element receiver

and thils permlts simplifying
the scanning mechanism. Thus,
in the instrument of the
"Eastman-Kodak" Company (USA)
a "Ruler" of 50 receivers is
used which assures the scan-
ning by.line. Scanning by
frame 1s accomplished through
a mechanical system in the
form of a rod which oscillates
at a freguency of 4-5Hz.

FEach receiver has its own
amplification channel with
the output to the indiecator
[16,18].

An example of a television with an electronic scanning sys-
tem 1s the instrument of the "Westinghouse" Company (USA) with a
phothermionic tube [18] whose schematic is shown in Fig. 7.3.
The radiationflux 1l from the object .after the objective 3 1g
focused on the target 7 of the phothermionic electron tube 6

which is sensitive to the incident radiation.

At the same fime,

the line-frame scanning with the luminous spot is created from
the tube 14 which creates the luminous spot on its screen and
which i1s controlled by the sweep generator 13 with the use of an

optical system consisting of objective 16 and mirror 4,

With

this, the photoemission current from the target will be modulated
by the thermal image created by the objective 2,3 on its surface.
The output signal of the electron tube 6 controls. the beam of

the kinescope 11 on whose screen the visible image 12 of the
heat-radiating cbject 1s also created.
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A simllar scheme can /232
be constructed with the use
of a "thermicon" tube having
a target of. . mosaic elements
which are sensitive to infra-
*red rays. Scanning and com-

mutation are accomplished in
the normal manner with the
use of an electron beam which
bypasses the target just as
in transmitting television
tubes of the wvidicon type.
Systems with electron scan-
ning provide the copportunity
© obtain high scanning rates
= BNd better resolution.

The construction of the
image of a heat-radiating
obJect can also be accomp-—
plished with the use of a

Fig. 7.3. Block diagram of an luminous scanning system.
instrument with a cathode-ray In this case, an electron
scanning system: 1. radiation tube is placed after the

from the oblect; 2. secondary objective with a semiconduc-
mirror of the objective; 3. prin- tor target and luminescent
ciple mirror of the objective; screen on which the luminous
4, flat mirror; 5. filter; Image is created. The scan-
6. phothermionic. electron ning of the image is accom-
tube; 7. semiconductor farget plished by the luminous scan
of the tube; 8. photomultiplier; whiech has first passed thragh”
9, voltage divider and preampli- an optical "shutter," the = -
fier; 10. amplifier unit; 11. absorption or transmission
kinescope; 12. 1image of heat- of which is modulated by the
radiating object; 13. sweep gen- infrared radiation from the
erator; 1li, cathode-ray tube object.

with travelling luminous spot;

15. Jluminous ray; 16. obJective. The threshold sensitivity

and other parameters of the
scheme of radiometric instru-
ments are calculated by methods which are common fo electro-optical
equipment (see below). For a simple radiometer, the monochro-
‘matic threshold. irradiance which is eguivalent to'the noise equals
f185257]+
' VWnseaf |

A=
| Dialpt (7.1)

The value of the signal/ncise ratioc for a point source is

o DiDplik (7.2)
T Y Winst |
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and for an extended source

= D8 BV Winst
ps” Var % (7-3)

. . f

where Winst 1s the instantaneous field-of-vision angle;

Af - transmission banned, Hz;
D*) - detecting capabilities of the receiver;
q - relative aperature;

Dp - diameter of the entrance pupil;

T, - transmlssion coefficient of the atmosphere along the
"route;

Io and

Bs - luminocus intenslity and.luminance.respectively.

o k=TC0pp, )

Coefficient - 4'™ . where the value kq considers the er-
ror in the dimension and form of the receiver and entrance pupil,
use coefficient, noise characteristic of the receiver, and so
forth. For a thermovisual system with electron scanning the /233
threshold lumingnce._of the object, equivalent to the nolse,

i. e., perceived at the 1limit of sensivity; is.
my¢C L

D0, 7k ¥ Winst | (7.4)

'ABf==

where C is the capacity of the system's information channeil.

For a system with mechanical secanning

-,
kDLp Vil = (7.5)

where T 1s the time for scanning a frame within limits of the
angle of coverage; n - the number of elements in the receiver
(channels of the system). : a o T .

Knowing the value of the threshold luminance of the ,
object, we can calculate the extreme minimum differences in the
temperatures of the object and the background which are recorded
by the instrument. Thus, for example, defining the ilnertia of
the instrument by the condltion for the buildup of the signal
[p=1—¢"', where t 1s the duration of the pulse which depends
on the dimensions of the object, field-of-vision angle, and
scanning rate and T - the time constant of the receiver ampli-
fier system, we can determine the difference in the radiation
densitieg which have been dlscovered
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AR=4m@SV Afy —L—, (7.6)

Dp inst

' i.e., expressed in effective guantities
i
eF - the radiation flux of the equivalent power of noise
(for a“receiver with an area of 1 em? with a transmission band
of 1 HZ).

where ’AR=§ ars (A) 7y (+) -‘;l i

From the theory of thermal radilation it is known that for
gray emitters

AR=e4sT?AT, (7.7)

where e 1s the coefficient of emissive power;

— W |
=567-10"= ~Tawky - Boltzmann's constant
, L—OSQS?JP)T(”f(U‘_ ~ the coefficlent which considers the
degree of use by a receiver of the

different radiation of two emitters.

The expressions which have been presented permit the deter-
mination of the relation for the extreme minimum difference in
the temperatures of the objJect and the background (of two adja-

cent objects) detected by the thermovisual instrument /234
21.6 1000m § VIF
ATmin= T f- t (7'8)
Tu%ywﬁnst qeR:
_§_=Q‘ "
The value ,f- ! $s the criterion of quality in the

selectlion of a radiation receiver. For bolometers ‘
Q=8.1.107 cn-pz Wil » @nd for photoresistor of the PbTe type

=27 § . lf:
@=27-10 niﬂé‘ivl. The procedure for calculating the para-

meters of thermovisual instruments 1s presented 1n greater de-
tail in [25].
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The launching of wéathér AES expands conslderably the pos-
Sibilities of the weather services in the preparation of short-
range and long-range weather forecasts on a glsbal scale.

Among the large quantity of information which is received
from an AES and used for the preparation of forecasts, an impor-
tant place is occupied by information about. the thermal condi-
tion of the earth's surface and the atmosphere which is provided
by on-board electro~optical -equipment, Por instance, on a.number of
weather satellites of the United States, an entire complex of
electro-optical equipment has been used which includes a five-channel
radiometer with a small field of view, a two-channel radiometer
with a wide field of view, a set of television equipment, and
an infrared horizon sensor [34].

The five-channel narrow-field radiometer is an electro-optical
instrument consisting of five independent radiometers with opti-
cal modulation of the perceived signal and intended for the
measurement of radiation of ' the earth and the upper laysérs of
the atmosphere in five spectral bands. Each of the charmels has
two fields of viewi5-174.10?rad (5, in which regard in the ori-
ented direction of the axes of the AES cone of the fields of view
of the instrument is directed toward the earth and the other,
toward space. The radiation which arrives from the earth is
continuously compared with the radiation from space whilch is
equated to absolute zero. This permits measuring the absolute
values of the amounts of the earth's radiation regardless of the
temperature of the satellite. A diagram of one of the channels
of a five-channel radiometer is presented in Fig. 7.4 [34]. The
earth's radiation 2 arrives at the radlometer on one of the faces
of the prism 1 while radiation from space 3 arrives on another
face of this same prism. After reflection ‘from the prism, the
radlation from earth and space fall on a rotating modulating
disk 4. The radiation which comes from the earth is reflected
from the mirror half of the disk and falls on the upper half
of -the lens while the radiation which comes from outer space /235
1s reflected by the black half of the disk and falls on the
lower half of the lens. Thus, when the disk rotates,reflected
radiation from each direction arrives alternately at the receiver.
The entlire modulating disk, including its darkened portion, is
always in the field of view of the receiver. Consequently, the
intrinsic radiation of the disk is not modulated and therefore
information about it does not pass through the alternating.current
amplifier. The modulated signal is proportional to the difference
in the radiation fluxes which arrive from the earth and from
outer space. The variable voltage which arises in a thermistor
bolometer 1s proportional to the differences in the radiation .
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fluxes whieh are absorbed by the small receiver area with two
different positions of the disk modulator: the position depicted
in Flg., 4.7 and diametrically opposite.

All five channels of the radlometer are almost identilcal.
The only difference is that they operate in different spectral
bands and each one provides strictly determined information.
The diserimination of different spectral reglons is attalned
by the combination of the transmission factors of the materials
of the lenses and optliecal filters,

Coee
| B
Ty |
! | 0 |
w40 - i
| }ﬂsm J}_ N
: P& , AN
‘ [ 0 02 051, 5 10 2030 A ym
Fig. 7.4. Block diagram of one Fig. 7.5. Curves of the
of the channels of a five-chan- transparency of optical ele-
nel radiometer: 1. reflecting ments of the five channels
prism; 2. signal which arlses of a radiometer.
from the earth; 3. signal which
arises from space; 4. modulat- Channel 1 is tuned [33]
ing disk; 5. optical filter; to a band of 5.7-6.9 wm (Fig.
6. objective; 7. radiation re- 7.5) and is intended for
celver; 8., preamplifier; 9. tape measuring the radiation in
recorder; 10. transmitter. the band of absorption by

water vapor. Channel 2 passes
the radiation in the "window of transparency" of the atmosphere
(8-12 um) and is intended for measurement of the radiation of the
earth and the upper layer of the atmosphere, and channel 3 (0.2-
5.0 ym) for the measurement of solar radiation reflected from
the earth. Channels U4 (ax= 0.6-0.8 ym) - 5 (AX=7.5-30 um)meas-
ure respectively the solar radlation reflected from the earth and
the total radiation of the earth and the atmosphere.

With the movement of the AES ‘in its orbit, the optical sys-
‘tems of almost all channels of the radiometer scan the same re- /236
gion on the earth's surface with a size of about 50 x 50 km.

The two-channel radiometer is an instrument consisting of
two radiometers and intended for determining the balance between
the solar radiation reflected from the earth's surface and the
earth's intrinsiec radiation. Figure 7.6 presents a diagram of
5 radiometer and the spectral characteristics of the channels.
The main parts of the instrument are two thermistor receivers
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1 and 2, one painted black and the other white and situated

in the apexes of two comes. The optical axes of the cones are
directed toward the earth parallel to the satellites axis of
rotation. Serving as the optical condenser is an aluminized
cone made from a plastic film with an aperture angle of 50+ 1.74-
+10-2 rad (50°) which also determines the field of view of

the radiocmeter. The black and white coatings of the recelvers
perform the rcle of sensitive elements which overlap the spectral
band of 0.2-50 um. One of them (with black coating) absorbs the
shortwave solar radiation and the earth's intrinsic radiation
but absorbs the earth's longwave radiation Just as the first one.
When the radilometers face the night side of the earth, thelr
readings are ldentlcal since practically all the earth's intrin-
sic radiation lies 1n the long-wave reglon of the spectrum (more
than 3 wm). If the radiometers face the illuminated side of

the earth, the white receiver, as formerly, absorbs only the
earth's radiation while the ‘black cne still reacts to the re--
flected solar radiation. The earth's albedo and then the temp-
erature of the underlying surface of the "earth-atmosphere"
sysfem are determined from the difference in the readings of

the white and black receivers.

The sensor of the earth's
N . _dnfrared horizon serves for
' the determination of the orien-

white tation of the satellite's

. axis of rotation relative to
: " ithe local vertical. The
ack Miﬂ:?‘ joperating principle and de-
06204 1.2 @

f@ 1¢ -

0 mammﬁsign of the sensor are exam-
ined in Chapter 6. Here, we

will only note that inasmuch

as the instrument scans the

Fig. 7.6. Diagram of a two-chan-

nel wide-angle radiometer and its
spectral characteristies: 1,2.
thermistor receivers with black
and white coatings respectively;

earth with a small field_of /237
view (2.26-10-2.2.26-10"2

rad) the information obtd ined

is also used to determine

the thermal condition of the
sections being scanned.

3. point thermistor; 4. cone;
5., compensation for ohmic com-
ponents; 6. housing.

It is known [34] that
when the earth's infrared horlzon enters the instrument's field
of view, the horizon sensor forms a positive signal and, on
leaving - a negative signal. These signals alsc serve for deter-
mining the orientation of the AES . The information read from
the sensor between the indlicated pulses, when the field of view
of the instrument passes over the earth, 1is used to determine the
thermal condition of the sections of the surface being scanned.

Similar electro-optical equipment is also used on 3coviet

weather prg« of the "Meteor" system: actinometric, television,
and others.
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Actinometric equipment

) 7 1s a set of electro-optical

um I ' nstruments which absorb radi-
' : ation with & body which 1s
o) close in its properties to
: . x “lan ideal black body and which
! [EEEEB| () ‘56“?;Jﬁ$%a )convert it to thermal energy.
ih’”“m! o B P i Actinometric equipment 1s

| === a”ﬁxrmwm—iﬂwmwkm § intended for measuring the
| 2 ;1 “fo ivalues of the intrinsic radi-
13 um- )

)

4 |-

. (b) - atlon of the earth's iurface
e I and the upper layer of the
Eﬁiﬁi; ’ ' oo clouds in the spectral band
' of 8-12 ym and the intensity
Fig. 7.7. Bloek diagram of of the total radiation of
actinometric equipment: 1. nar- the earth and the upper layers
row-field scanning lnstrument; of the clouds in the band
2. wilde-field instrument; 3. of 3-30 um.
on-board programmer; 4. unit
of temperature sensors; 5. DOW- 4 typical block diagram
er-supply unit; 6. transmitter. of actinometric equipment
is presented in Flg. 7.7.
Key: a. electronic unit; The equipment consists of a
b. storage; ' narrow-field scanning and
¢. BEV (common time unit). wide-field radiometers, elec-

troniec unit, and auxiliary
equipment. Coverage of the earth's surface from on board the
SC is accomplished with the use of a narrow-field scanning radio-
meter which operates in the spectral bands of 0.3-3 ym, and 3-30 /238
um, with the movement of the scanning element in a direction per-
pendicular to the movement of the 3C.

With its fields of view, the wide-field instrument encompas-
ses the entire earth and provides information about the radia-
tion of the "earth-atmosphere" system in spectral bands of 0.3-2 um
and 3-30 um.

All the information of the actinometric equipment 1s tied
to on-board common time by feeding special signals to the
storage (S). from the common time unit.

The electronic unit of the eguipment is intended for the
econversion and processing of information arriving at 1t and the
output of formed signals to the storage which, during the perilod
of the passage of the SC above the territory- of the USSR, glves
the information to the telemetry channel for transmission to
earth.

The unit of temperature sensors is intended for the forma-
tion of electrical signals in the temperature mode of the narrow-
rield and wide-field instruments and their output to the S.

255



Besides thls equipment, on board the AES there is a set
of electro-cptical instruments intended for observaticn of the
cloudiness on the shady side of the earth [33,34]. In its
operating principle, this equipment differs in no way from the
previously considered (see Fig. 7.2). infrared scanning equipment.
However, the specific tasks which they accomplish on board the
AES presume some differences in its design formulation and sup-
plementary units. A typical block diagram of on-board infrared
equipment for obtaining an infrared. image of cloudiness on the
shady side of the earth is presented in Fig. 7.8.

' equipment accomplishes scan-

I , ning perpendicular to the

] : direction of flight of the
‘-% 1 2 3 4 AES. With this, a scanning

) strip 1100 km wide is scanned.
i

e
S rJ 6 o The thermal radiation ' /239
of the underlying surface of 7

the "earth-atmosphere" sys-

') . The receiver of the
|
[

Fig. 7.8. Bloeck dlagram of tem is converted to electrical
infrared equipment: 1. electro- signals by the receiver which
optical. scanning' egquipment; are proportional to the value
2. amplifier-converter unit; of the radiation flux. These
3., storage; 4. transmitter; signhals are then processed

5, unit of temperature sensors; in the amplifier-converter

6 on-board common .time unit; unit and fed to the 5. AT

7. on-beoard programmer, a specific moment in time,

the collected information,
is transmitted from the S to ground equlpment where 1t 1s con—‘

verted to & vigible image.

The photos of the cloud feormations obtained wlth the use
of infrared equipment Hre less . detailed than television photos
but are sufflciently detailed for the analysis of large atmos-
pheric formations (cyclones, typhoons, and so forth).

7.4. Instruments for Controlling the Approach of Space Ships

Electro-optical systems: for controlling the apprcach can
be divided into two basic groups:

- Instruments for the control of the approach of cooperating
space ships or instruments of the docking systems;
- %gstruments for controlling the approach of noncooperating

In order to execute the approach of SC, it is necessary to
bring them out into a zone where the on-board means will prove
to be capable of executing mutual search and detectlion with the
subeequent formation of the necessary control commands.
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For the solution of tasks for the approach, the instruments
of the dockimg system should assure:

- The search and detection of. the target S5C;

- The guidance of the maneuvering SC to the target SC;

- The determination of the parameters of the relative move-
ment of the approachlng SC (range, angular coordinates,
and their derivatives).

Depending on the methods for search and detection, the fol-~

lowing electro-optical systems for controlling the approach of '

the SC are distinguished:

- Passive systems, where the target SC 1s detected from its
intrinsic or reflected solar radiation;

- Aetive with a passive response when the complex of instru-
ments on the maneuvering SC includes an active emitter whose radi-
ation, after reflection from the target SC, again falls on the
maneuvering SC and 1s used to generate the necessary information.
With this, speclal corner reflectors may be installed on the
target SC which increase the effective area of ref lection and
permit a considerable increase in the operating range of the
system;

- Active with active response when on board the target SC,
along with a system for tracking the maneuvering SC, an emitter
is used which directs the radiation towaprd it. '

In both types of active systems, both monochromatic emittersfguo
for example lasers, as well .as sources whiech radiate in & broad ——
band of the spectrum may be used.

In one of the variants of the system for controlling the
approach of the SC during docking [66] it was assumed that the
electro-optical locator of the "Martin" Corporation would be used
(Fig. 7.9). This locator permlts obtaining information about
the range, relative velocity, angular coordinates, and rate
of their change with distances between ships of from 50 km to
7 meters. Used as an emitter in the transmitter of the locator
is a Xenon flash lamp installed in the focal plane of a parabolic
mirror with a diameter of 18 cm which forms a directional radi-
ation beam. In this case, a unit of corner reflector3~%&<in-
stalled on board the target SC. The pulged light signal of
the transmitter which is reflected by this unit is received on
the maneuvering SC by the mirror optical system of the receiver.
The focused luminous flux 1s divided into three parts. Each
part is directed to 1ts own radiation receiver for which photo-
multipliers are used here.

If the components of the lumincus flux which fall on the

phqtocathodes of the. PM are not equal, an error signal arises
which is used to match the axes of the receiver and tr ansmitter
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of the locator with the direction to the unit of corner reflec-
tors of the target SC. With the precise matching:®f the loca-
tor's 1line of sight with the directlon to the target SC, no
error signal arises.

A range of from 50 km to 30 meters is determined by this
locator by a method on the basis of measurement of the time of
propagation of the radiation to the target SC and return. A
distance of less than 30 meters is determined from the ampli-
tude of the reflected signal since it i1s difficult to accomplish
the precise measurement of time segments of less than 0.2 us.
The relative velocity is determined with the differentiation of
data on range.

The locator is installed on rotatable supports which pro-
vide the opportunity to mcve the transmitter and recelver
over two coordinates within.limits of +15°1.74.-10"2rad (+15°),
assuring the scanning of space in a zone of ilS'l.?H-lo—? rad
(+15°) for elevation angle and azimuth. Scanning is accomp-
lished by the line-frame scanning method. In this, the shift-
ing of the instantaneous field of view through the angle of
elevation to scan the next line is accomplished discretely, at
the end of each scanning cycle for azimuth. The lock-on on the
target occurs when 1t falls in the field of view of the receiver.

A shorteoming of this type of electro-optical lecator is the
comparatively short operating range due to the low density of
fhe radiation flux in the beam of the transmitter and the in-
fluence of the background, the radiation flux from which may
reach significant values and greatly reduce the correlation
between the signal and the noise.

To a c¢onsiderable degree, these shortcomings can be
eliminated with the use of a laser as the emitter.

Electro-optical instruments for controlling the approach -
of noncoordinating SC are also constructed with the use of
lasers. This group of optoelectronic instruments 1s considered
below.
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CHAPTER 8. ELECTRO-OPTICAL LOCATORS WITH LASERS /242

|

8.1. Block Diagram of an Electro-Gptical Locator with a Laser

The basis of optical location, just as the basis of radar,
is formed by three principles. The first principle is the
reflection of electromagnetic waves. The target and surrounding
background reflect the electromagnetic waves which have fallen
on them differently, as a result of which a contrast arises
between them which permits discriminating the target signal. The
smaller the wavelength, the greater the reflectivity; therefore,
in desiring to obtaln a large reflected signal, we should use
short-wave generators. Since the optical band of waves is
four orders of magnitude shorter than centimeter radio waves,
there is the possibllity of constructing locators with a greater
operating range and better resolutlon,

Forming the basis of the principle of location 1s the use
of the straight-line propagation of electromagnetic waves. If
we direct a narrow beam of waves foward a target, the wave
reflected by the target and recelived by the locator permits
determining the direction to the target. The precision of
determination of the direction to the target depends on the
width of the beam. The narrower it 1s, the more precisely is
the direction to the target determined. To narrow a beam in
radar location, an antenna is used whose directivity factor is
determined by the expression

G=— inA , {|
32

(8.1)

where G is the front-to-rear ratlo; A 1s the area of the antenna.

In order to increase the directivity of the antenna with a
given wavelength A, it is necessary to increase its diameter.
Thus, for example, to obtain the angular opening of a beam on
the order of one degree with the use of radio waves of the
centimeter band, it 1s necessary tc have an antenna dlameter of
about 10 m. On the strength of Egq. (8.1), we can increase the
directivity of the radiation of the locator considerably, using
shorter wavelengths., Calculations show that if the area of the
antenna (input lens of the objective) A = 10 cm2, then using
a generator with A = 1 pm, one can obtain the directivity of the
locator 10" times higher than with the use of a generator with
A = 1000 um. Consequently, the use of waves of the optical band
in locatlion opens the possibility of constructing high=precision
locators and, what is especially important for on-board equlpment,
with small overall dimensions of the transponders.

~
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The basis of the third principle of locatlion is formed by
the use of the constancy of the rate of propagation of electro-
magnetic waves which permits constructing various range measurers.
For example, 1f the radar operates on pulses, then to determlne
the range the following relationship is used

2 " | (8.2)

where ¢ is the rate of propagation of electromagnetic waves;
At is the time interval between the sending of the pulse and the
reception of reflected slignal.

From (8.2), it follows that for the construction of a loca-
tor with good range resclution, the pulses of the radiating
waves should be as short as possible, since (with the necessary
width of gtransmission band of the receiver) the precision in
determining range depends on the duration of the pulse. It 1is
known that with radiation in the optical band, the time for
the passage of the excited particles from the upper to the lower /24l
energy level is about 10-9 sec; therefore, the use of a laser as
a radiation source opens the potentlal opportunlty to construct
leocators with high-range resolution

The following block diagram (Fig. 8.1) forms the basis of
the electro-optical locator. The locator consists of trans-
mitting, receiving, and display units and a power-supply unit.
The transmitting unit is intended for the conversion of electrical
energy to a monochromatic, narrow-band radiation flux and the
accomplishment of the secanning of a glven sector of space with
this flux te irradiate targets. The transmitting unit consists
of the laser, internal and external modulators, transmitting
optical system, and scanner. The laser recelves energy from
the execitation source and generates electromagnetic oscillations
of the optical band in a pulsed manner or continucusly. The
Q-modulator assures the generation of oscillations in such a way
as to obtain a duration of pulse on the order of 10-9 sec in
the case where the locator coperates in the pulsed mode. The
second modulator is intended for the amplitude modulation of
the radiation on the output of the laser. The transmitting
optical system forms the angular distribution of the radiation
into the required distribution, assuring the necessary direc-
tional diagram. ‘

The receiving unif is intended for the reception of the
radiation reflected by the target and the background, the
separation of the useful signal and noise, the conversion of the
optical radiation to an electrical signal, and the discrimination,
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from this signal of information on range, velocity, and angular
coordinates of the target. This unit consists of an optical
receiving system, optical interference Tilter, radiation receiver,
and units for the measurement of range, velocity, and angular
coordinates.
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Fig. 8.1.

Block dilagram of an optoelectronic locator.

- The display is intended for observing the results of
the measurements 1f they are used by the operator to control the
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SC or else this information goes to a computer and then to the
control system.

The power-supply unit assures the conversion of direct cur-
rent from the storage and solar batteries to direct and alterna-
ting current of the required voltage.

Depending on which parameters of the target are measured by
the on-board locator, the following are distinguished: range-
finders (which determine only the distance between the SC's),
Doppler locators (which measure the relative velocity of the
SC's), and the locators themselves (which measure the angular
coordinates and the distance between the SC's). The basic
characteristics of the optical locator are the zone of action,
time of scan, precision in determining the coordinates, resolution,
noise immunity, and dependability. By zone of action, we mean
the region of space within whose limits the operation of the on-
board locator is accomplished., Its limits are determined by the
maximum and minimum ranges of operatlion of the locator and the /245
limits of the scanning angle. The extension of the zone and its
angular dimensions are determined by the purpose of the on-
board locator. Thus, for example, a rangefinder which determines
the distance between the SC and the moon should have a consider-~
able operating range and angular coordinates of the zone of action
which approach zero. At the same time, the on-board locator for
vehicle docking in orbit should have an operating range on
the order of hundreds of kilometers, but the angular dimensions
of the zone of actlon should be such as to assure the discovery
of the second SC.

The scanning time is considered to be the time during which
the optical beam accomplishes a one-time scan of a given region
of space.

The selection of the scanning time is determined by the
mobility of the target. The higher the velcocity and maneuver-
ability of the target, the smaller should the assigned scanning
time be. Frequently, the scanning time is determined by the
probability characteristic of not missing the target.

The coordinates being determined depend on the requirements
made of the on-board locator. If 1t is necessary to determine
the distance to the mocon, it is sufficient teo know but one
coordinate. For docking in orbit, the locator should assure the
measurement of four coordinates: two angular, range, and velocity.

The precision of determining coordinates is characterized
by the values of systematic and random errors which arise in
measurement. Systematic errors can be  determined by calculations
or experimentally and, consequently, can be considered. Random
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errors are caused by reasons which do not submit to calcula-
tlons; therefore, each individual measurement has a random
character. The average results of a large number of measurements
remain practically constant and they can be estimated.

The required precision in the measurement of coordinates 1is
caused by the purpose of the optical leocator and should be
especially high with on-board locators which assure the auto-
matic docking of .vehicles in orbilt.

By resolution, we mean the possibility for the distinct
determination of coordinates of closely situated targets. Cor-
responding to each coordinate is its own resolution. Range
resolution is characterized numerically by the minimum distance
between two targets arranged 1n a radial direction in which it
is possible to determine the ranges to them distinctly. The
resolution for angular coordinates 1s characterized by the
minimum difference in the angles at which the distlnet determi-
nation of the positlions of these targets 1In space 1s possible.
The resolution for veloclity is characterized by the minimum dif-
ference of the radial velocities of two targets with the identi-
cal angular coordinates in which the distinct observation and /246
position fixing of these targets is possible.

It 1s customary to characterize the noise immunity of an
on-board locator by the degree of its efficiency with the
presence of natural (sun, moon, stars) and artificial noise.
Solar illumination 1s most dangerous to the operaticon of optlcal
locators; however, high monochromatic quality of the radiation
sources of the laser permits, using interference filters, cutting
off the wide-band solar radiation and incereasing considerably the
signal/noise ratio. The dependability of the on-board locator
is its property of preserving its characteristics within
established limits under conditlons of operatlon in space,

The characteristics of an on-board locator are the wave-
length of the emitted electromagnetic energy, the amount of
energy, radiation power, scanning method, methods fdr determining
coordinates, directivity of the locator, threshold and spectral
sensitivity of the receiver, overall dimensions and mass of the
locator, power consumpftion, and type of recorder. The parameters
ardd values of these characteristics are o selected as to
satisfy completely the general requirements made of an on-board
optlcal locator. 1In the process of operaticon, an on-board
locator accomplishes the search for the target in a given sector
and, having detected it, it continuously tracks it, in the
process of which the measurement of angular coordinates and the
distance to the target 1s accomplished. The task of determining
the distance between the locator and the target is reduced to
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the measurement of the change in the corresponding parameter,

for example, the time interval between the transmitted (sounding)
and reflected pulses or the differences in the phases or fre-
quencies of these slignals.

In accordance with this, lasers are divided into three
groups:

- With the pulsed method of measuring range;
- With the phase method of measuring range;
- With the use of the Doppler effect.

8.2, Electro-@ptical Locators Which Measure. Range by the Pulsed
Method

The block diggram of the rangefinder part of an optical
locator in which the pulsed method of measuring range is used is
presented in Fig. 8.2. The radiation from the source of excita-
tion which is arranged around the active material converts the
material to an excited state. However, generation does not occur
because the Q-modulator which is located between the active
material and the reflecting prism 1s in a blocked state (its
transparency equals zero). The Q of an open resonatorl:alsoc /247
equals zero and there are no conditions for the generation of
stimulated radiation. Conditions are created for generation
only at the moment that the Q-modulator 1s turned on, and this
is done by a jump in a short time interval. All the energy
accumulated in the active material is de-excited in a very short
time interval, which comprises only 10-8-10-% sec. The radiation
of the generator 1s focused with the aild of the transmitting
optical system and directed toward the target. A portion of the

radiation is diverted to the PM intended for the formation of the

! The Q of an open resonator, i.e., the degree of its tuning,
which depends on the parallelism- of the mirrors and the trans-
parency of the medium between the mirrors is determined by
the relationship

where n is the index of refraction; 4 is the diameter of the
mirrors; L is the distance between the mirrors; B is the angle
of nonparallelism of the mirrors.

265



reference signal. The
| @-modulator ﬂj’igor - : signal goes to the unit
S S b 9 for measuring the time
lag and puts the genera-
tor of pedestal . pulses

7

|
; l
] iy
‘ Excitase . Send-re- o t into operation. The
i tiQhoe - BelSrTCilys cgptical t  radiation reflected by
FM RN - the target is perceived
{ Sigﬁa{a; d e by the receiving optical
- .. {1 system and directed to
) -‘ ===  the signal PM, which con-
‘ - o , virts the opticaliragia-
| Range S ' tion to an electrica
" lﬁgrcar ?Eiéuffr %TE%#_““““ signal which passes through
ing gime ' an amplifier to the unit
: : : for measurement of the
Fig. .8.2. Block diagram of the time lag. This signal
rangefinder portion of a locator ~ - astops the operation of
with the use of the pulzed method the pedestal . pulse
of measuring range. generator.

The measured time interval is compared with the number of
reference oscillations of the generator of the main range-
marker frequency. In this case, the range 1s determined
as the time difference between the transmission and reception of /248
signals, and its value can be digitally displayed on o
the range indicaftor.z:. With the use of'a cathode-ray
tube as a recording device, a sawtooth voltage is fed to it
which creates a linear or circular scan to determine the time
interval between the reference signal and the signal reflected
by the target. From relationship (8.2), it follows that an
error 1n measuring distance will be determined by the equation

L CAf

jAl=ae =5 (8.3)

An analysis of the last expression shows that an error in
measuring distance depends on the errcor Ac in determining the
rate of propagation of optical emissions in the environment in
which the locator is operating and the instrumental error of the
locator which depends on the stability of the frequency of the
reference oscillations and the time resoclution of the locator,
{1.e., the degree of its technical perfection is determined. If
we assume that the instrumental. error equals zero, then

AL Ac

i L )
AL:——AC, —— L
‘ ¢ L e (8.4)
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Numerous measurements of the rate of propagation provided
the results which are presented in Table 8.1.

TABLE 8.1.

Velocity of Probable
Autlicr of measdrer“jL Year Iight 1 error
ments . . km/sec km/sec
Rosa-Dorsey ' 1906 299710 10 .
Michelson -| 1e26 | 299796 15
Anderscon : 1940 209776 . 6
Bergstrand 1949 209793 L2
‘Kartashev 1952 200788 F
| Velichko : 1958 2997627 03
\ Rank _ o N 1964 209782.8 | 0.4
| Karolyus . S| 1967 ©299792.5 0.15
l _ . .

At the present time, taken as the most probable value of
the velocity of light in a vacuum is ¢ = 299792.5+0.4 km/sec.

For precilse operation of the rangefinder portion of the
locator, it 1s necessary to synchrenize the start of the opera-
tion of the sweep generator with the pedestal ' pulse. The
preclsion of operation of the optical locator will depend on
the precision of synchronization, the amount of delay of the
signal in the rangefinder circuit, on the scale, and on the
readout method, Rangefinder error due to lmprecision of syn-
chronization occurs 1in the case where ranges are judged from
the distance between the signal of the pulse reflected by the
target and the start of scanning. The amount of this error
equals
L:cmc ,

AT (8.5)

where Aty is the synchronization error which equals the time
interval between the start of the sounding pulse and the start
of the scanning.
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To exclude this error, the sweep generator is often started,
not by a laser emisslon, but somewhat earlier. Then, two clear
pulses may be obtained on the screen of the tube, one pedestal,
caused by the start of generation of the laser, and the other
by the signal reflected by the target. To start the sweep
generator in this case, a pulse triggered by the laser is used.
The rangefinder error caused by the delay in the rangefinder /249
circuit equals

L=, (8.6)

where Atg is the delay error of the signal in the rangefinder
circuit.

To estimate the influence of this error, it is important
to know not only its value, but also 1ts constancy in the process
of operation of the rangefinder. Rangefinder errors caused by
scale imprecision can be found in the following manner. The
distance by which the spot on the screen of the tube will be
displaced is determined by two parameters: scale (M) and range
to the target. The scanning scale, in turn, is determined by
the relationship

M=—=2, (8.7)

where Vg 1is the scanning rate. But & = MD, where % is the seg-
ment on which the spot will be displaced on a screen with
diameter D. Then

’aLM=~L-“$.. (8.8)

where AM is the scale error.

The precision and constancy of the scanning rate are
determined by the parameters of the sweep generator. In con-
nection with the fact that it is rather difficult to assure the
high stability of these parameters, it 1s necessary to have the
possibility 1n the 1nstrument to adjust the scale and accomplish
ites check with the aid of a special calibrator. Reéadout errors
are determined by the method of reading the distance, scale
value, and steepness of the leading edge of the sounding and

reflected pulses. The steepness of the leading edge of the pulse /250
reflected by the target is determined by the steepness of the
sounding pulse and by the degree of the distorfions which arise
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in the reflectlion of the pulse from the target, with the passage
of the radiation flux in the environment, and in the end-re-
ceiving optical system and amplifier channels. The distortions
of the leading front of the sounding and reflected pulses in

the = medium are neglected as a result of thelr insignificance.

Distortions introduced by the process of reflection of the flux
from the target should be considered in the case where the
linear dimensions of the object in the direction of irradiation
are commensurate with the wavelength.

8.3. Electro—eptical Locators Which Measure Range by the Phase
Method

Theoperating principle of a phase optical rangefinder,
whose simplified block diagram 1s presented in Fig. 8.3, 1s
reduced to the following. The radiation of the laser 1s modu-
lated by the generator of the range-marker frequency, in which
regard the voltage on the modulator and, consequently, the
output emission is modulated in accordance with the law

Uy=U g i (0t + 90, (8.9)

where wy 1s the range-marker frequency; ¢gj 1s the initial phase.

Reflected from the target, the radiation falls on the
send-recelving device of the optical rangefinder which converts
it to an electrical signal

'U,=U y8in [mM(t--fL)—}-cpm—-—?,{—?mjf] | (8.10)

where ¢ref 1s the angle of phase shift of the range-marker
osclllation which arises with reflection from the object; ¢r
is the phase delay of the range-marker oscillation in the cir-
cuits of the optical rangefinder.

Voltages Uy and U, go to the input of the phasemeter which,
in accordance with the phase difference, puts out a signal
which is proportional to the distance to the target

L=t (% Gt ) -
i 20 j 'Y
‘ M * (8.11)

where
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9= thL + ?r_’_ Praf
The operating precision of the rangefinder is determined by

1) The precision of the range-marker frequency
e .
‘AszEg(?dm?‘rr—?ief—)AwM (8.12)

where wy 1s the error 1n the range-marker frequency.

Then,

[+

AL~ Ae

T e

. o (8.13)

i.e., the relative rangefinder error equals the relative range-
marker frequency ernor;

2) The precilsion of measurement of the phase difference.
We can write that

AL=-C—('—\? — A% — A%yer)
?wM d a.l’.‘ IEf (8.1}4)

where A¢g is the error in measuring the phase difference; A¢p
is the phase delay error in the rangefinder circuits; A¢per 1s
the phase shift error in reflection.

The component A¢g is determined by the technical parameters
of the phasemeter. Component A¢p depends on the stability of
the phase characteristic of the rangefinder, and component A¢per
on how precisely the reflecting properties of the target are
considered. In the measurement of the distance to a moving
target, one more error is introduced whose source 1s the Doppler
frequency. Investigations show that the second and third
components in the expression are values of the second order of
smallness in comparison with the first; therefore, 1n preliminary
calculations, they can be ignored. TFrom the expression being
analyzed, one more conclusion can be drawn to the effect that
the rangefinder error 1s decreased with an increase in the
range~marker freguency. It can be noted that the change to
longer wavelengths provides a galn iIn ralsing the preclsion of
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the measurements. But this alsc has its negative aspect. As a

matter of fact, the unambiguity 1n the measurement of the phase
difference is possible only within the limits of an angle of

27 rad; otherwise, an ambiguous range reading arises. In order /252
to avoid an ambiguous reading, it 1s necessary to satlsfy the

the condition.

2w
;‘ T mx_?d'nxinz__c:M (Lmax_Lmin)‘.{Qﬂl! ) (8'15)

With Ljmin = 0, this condition takes the form

o Lo <20, (8.16)

This expression provides the opportunity to determine the
maximum value of the range-marker frequency.

(=14

in=Lm- | (8.17)

Thus, to increase the precision of the measurements, it is
necessary to increase the range-marker frequency, and to satisfy
the condition of unambigulty of measurement, 1t must be reduced.
The way out of thils sltuatlion 1s usually as follows: two, and
sometimes three, range-marker frequencies are used. The first
serves for coarse determination of the range, the second for a
more precise determination, and the third for an even more
precise measurement of range. In order to assure unambiguity
in the determination of range, the period of the followlng range-
marker frequency should be delilberately larger than the possible
errors which arise in the determination of the time lag from the
poarse scale.

A diagram of a phase rangefinder is presented in Fig. 8.4.

The source of radilation 1s a semiconductor laser. Its
radiation is modulated by a master coscillator. The radiation
reflected from the target is recelved by the optical system and
focused on a photomultipliler.

K feature of this device is the fact that the processes
of phase detection and the heterodyning of the signals occur
directly in the near-cathode space of the photomultiplier. A
portion of the voltage from the-master osclllator is fed to a
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mixer. Fed to the mixer simultaneously is a voltage which is
destabilized by a quartz-crystal oscillator. A voltage at an
intermediate frequency of 100 kHz is formed at the output of the
mixer which 1s fed through a phase shifter and phase commutator
to special electrodes of the photomultipller. A voltage from the
heterodyne is fed to the other electréde. As a result, the
photocurrent which is induced in the photomultiplier by the
radiation received from the target modulated with the frequency
of the master oscillator will again be modulated a second time
by the high-frequency electrical field at the photocathode

which is created by the heterodyne.

Modulator - -7 - K o Transmitting
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Fig. 8.3. Block diagram Fig. 8.4. Block diagram of the range-
of an on-board locator finder portion of a locator with the
for linkup. ' use of the phase method for measur-

ing range. ‘ S

An alternating component of the photocurrent appears with /253
the difference frequency of the master osclllator and heterodyne,
i.e., with a frequency of 100 kHz. The phase of this alternating
component will depend on the distance being measured slnce
heterodyning does not change the phase of the oscillations
which participate in the blas. The alternating component of the
photocurrent obtained in this way interacts with the electrical
field which is created by the voltage fed to the corresponding
electrode from the mixer through the phase shifter and phase
comnutator.

With this, phase detection occurs, i.e., the photocurrent

will depend on the difference in phases between the reference
and reflected signals. The phase shifter permits changing the
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phase of the reference signal smoothly, which provides the pos-
8ibility of measuring distance with high precision.

For a more precise determination of the mismateh of the phases,
the phase of the reference signal 1s modulated by the phase
modulator (phase commutator) which changes the phase of the
reference voltage by 27 rad with a frequency of l.kHz. With this,
a component of the current appears in the photomultiplier with
a frequency of 1kHz with amplitude which depends on the dif-
ference in phases between the reference and reflected signals.

Its value has sharply expressed maximums with a difference in

the phases between the reference and reflected signals of m and
31 rad, which increases the precision of comparison of the phases.
For a further increase in precision and greater noise immunity

of the system, the signal from:the load of the photomultiplier

is fed to a synchronous detector and is then recvorded by the

null indicator. In this, three modulation frequencies of 30,
29.9, and 27 MHz are used for the solution of unambiguity. This
permits obtaining a resolution of 1500, 50, and 5 m.

8.4, Electro-optical Locators with the Use of the Doppler Effect /254

Locators of this type are intended for the measurement of
the relative velocity of SC's.

In accordance with the Doppler effecty 1f the target
approaches the locator the frequency increases and vice versa,

The change in frequency 1s determined by the relationship

M=?{l.f : (8.18)

where V is the relative tangential velocity of the target's move-
ment; ¢ 1s the velocity of 1light:; v 1s the frequency of electro-
magnetic escillations.

This relation shows that a change in the frequency with
the movement of the object is determined by the velocity of
movement of the objects and is directly proportional to it. But
this effect also depends on the frequency of the electromagnetic
oscillations of the radiation used. The greater the frequency,
the clearer the effect is manlfested. Radio waves of the
centimeter band have frequencies on the order of 1015 Hz. There-
fore, wlth the use of optical Doppler locators, we can measure
extremely low velcocities of movement.
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A diagram of a Doppler locator 1s presented in Fig. 8.5.
The radiation of a gas laser is directed to a semitransparent
mirror which splits the beam in two.
One is directed toward the target,
and the seccond at a fixed mirror

Fixed ...

installed on the locator. Reflected
: . from it, the beam falls on the
T nmirror radiation receiver -- the PM. This
‘ Co ; beam provides the pedestal frequency.
' Gas laser gg¥é§§an9“p{ With the movement of the target, a
% ||p mirror ¥ | change occurs in the frequency of the
f A first beam which, being reflected
d . Target from the semitransparent mirror,
| (:) . % also lands on the radlation receiver.
; 9 , ' Thus, two beams having different
! m frequencies are combined on the
. ’ receliver, Thls leads to the
Fig. 8.5. Diagram of a arising of two beat frequencies as
Doppler rangefinder with a result of the addition. The
semiconductor laser. frequency of the beats is proportional
to the veloecity of movement of the
target.
— %ﬁlse Fig. 8.6. presents a block
Lager : ?ﬁgff- diagram [12] of a coherent lccator.
' The laser, operating in continuous
Y« Frequency] = mode, generates a signal on the
Ticonvertey _ optical frequency vg which goes to

i the pulse: - laser amplifier and the
latter, in turn, generates a pulsed
f 1 optical signal on the carrier
- Sy E}——h(hfh ‘ frequency vg. The frequencies of the
: osclillations which are reflected
from the target are shifted relative
to the frequency vy being transmitted
- - by the Doppler freguency. The
carrier frequency of the reflected
Fig. 8.6. Diagram of signal equals vg * vg. Radiation
coherent locator. from the laser is also fed to the
frequency converter to which, in
addition to this, a signal with
frequency vy (compensating)} goes.
After frequency convergion, a signal with frequency vg + vy goes ~ /255
to the summing device. This signal is summed with the signal
reflected from the target, and the resulting signal goes to a
photoreceiver for which a photomultiplier is usually used. As
a result of the difference in the two signals, the signal vg- Ve
igs read from the output of the PM which carried information about

.Convertey
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the relative veloclty of movement of the target. Wlth the use
of such a system, on the SC the maximum value of measured
relative velocity can attain a value of 18 km/sec, which corres-
ponds to the relative velocity for two low-altitude satellites
which are moving in opposite directions.

ghe Doppler frequency shift on a wave of 0.69 um attains
5:1010 Hz in this case. With the closing of one of the satel-
lites with the other, the relative velocities may be very in-
significant, on the order of 0.1 m/sec. In this case, the
Doppler frequen01es attain values of 3- 105-5- 1010 Hz. Even the
most low-inertia PM cannot record the upper frequencies, since
the gaximum values of the freguencies which the PM's pass are
310

5,51r Electr@ -Optical Equipment for Docklng with a Laser :J

St gty

The use of a laser as an emitter in the on-board gleectro-
optical equipment of.an 3C. permitted the effective scolutiaon of a
number of complex technical problems in controlling the closing

of the spacecraft. One of the most promising trends in this ,
fleld is the creation of electro-optical locators to assure the '

docking of the SC's. Let us examine the electro-eptical equip-

ment of adocking system of cooperating 3C based on the employ-

ment of semiconductor lasers. Since the SC's are cooperating,

the logic of the operation of the equipment envisages 1ts em- /256
placement on both ships. 1In this, it is envisioned that the

" electro-eptical equipment will assure the mutual orientation of (
both ships which are docking, and the equipment of the

maneuvering SC will put out information for controlling the

closing.

A block diagram of the equipment is presented in Fig. 8.7
[66]. Installed on board the maneuvering SC 1s a locator which
assures tracking of the target SC, the measurement of the range
to 1t, and the relative closing ve1001ty. The width of beam
of the locator's transmitter is O. 5:1.7-10-2 rad (0.5°).

Installed on board the target SC is a unit of corner re-
flectors and a system for angle tracking which assures tracking
the maneuvering SC from the radiation of its transmitter. The
unit of corner reflectors consists of seven prlsms with hexagonal
faced which reflect beams in the opposlte dlrection. The distance
between the parallel sides of the hexagon of the input face of
one of the prisms equals 6 cm, and of the entire unit, 18 cm.

The precision in manufacturing the prisms is such that the angle
between the incident and reflected beams does not exceed

9.6 10'6 rad. The angle of divergence of the beams reflected by
the unit of corner reflectors is approximately 1.7- «10-5 prad.
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For the most dependable and rapld orientation of the 3C's
relative to each other, additionally installed on board the
target SC is a - beacon whlch operates in the pulsed mode.
The beacon's radiation is propagated within the limits of a cone
with an apex angle of 10.1,.74.10-2 rad (10°).

The beacon is a laser dicde array with uncooled elements of
" gallium arsenide (Ga-As) which radiates on a wavelength of

A 0.9 um. The maximum value of the radiation flux released by
the beacon is 1 kW. The width of the spectral band of radiation
of the entlre array l1ls Increased to approximately 20 A. Since
each diocde emits in an angle of approximately 20.1.74-102 rad
(20°), the corresponding objective is used to obtaln the
required angular dimension of the beam. Inasmuch as the field-
of-vision angle of the angle tracking system of the maneuvering
SC equals 10-1.74.10-2 rad (10°), prior to the start of docking
the SC's should be oriented in a direction with each other with
a precision of at least £10-1.74-10-2 rad.

The principle of operation of this system consists of the
following. If, at the initial moment, the radiatlion from the
transmitter of Bhe maneuvering SC which 1s propagated in an angle
of 0.5°1.74-207< rad (0.5°) does not fall on the target SC, then
to match the beam with the direction to the target SC, a beacon
is used. It emits 1000 double pulses per second, each with a
duration of 100 ns.. The leading edges of the two pulses
in a pair are divided by a time interval equal to 1 us (Fig. 8.8).
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) ‘ The use of double radiation
q ‘ ‘ n__ pulses of a synchronous detec-
tor permits improving consider-
- - ably the discrimination of the

0.

i ' i - )
: S ©Tf-ms - ) useful signals. With such a
' T ‘——='-~ . frequency and duty factor, the
Fig. 8.8. View of double radiation power (with a power
pulses of radiation of locator's in the pulse of 1 kW) is 200
transmitter. MW and the power consumed by

the array equals approximately
5 W.

The pulsed signals of the beacon which reach the receiver
of the locator are used in the tracking system of the maneuvering
SC for its turn along two axes until the matching of the narrow
beam with the direction to the target SC.

As soon as the radiation of the transmltter of the maneuver-
ing SC falls on the target, a part of it returns with the aid of
the unit of corner reflectors and goes to the receiver of the
maneuvering SC. The radlation from the locator's transmitter
falls in the receiver of the angle tracking system of the target
SC and is used to control the angular position so that the unit
of corner reflectors is always directed toward the maneuvering SC.

With the installation of a suffieient number of corner
reflectors on the target SC, the angle~tracking system need not
be used. But at short distances which occur in the docking
process, 1its employment 1is necessary to exclude possible errors /258
created hy the additional corner reflectors.

In essence, the angle-tracking system is an electro-optical
tracking device with electronic scanning whose circuit is intended
for operation from a pulsed source. The sensitive element in
thls .system is served by a photomultiplier with a dissector with
a silver-oxygen-cesium photocathode. A narrow-band interference
filter 1s used to reduce the influence of background illuminaticns
in the optical system. The field of view of the receiver of the
angle tracking system, equal to 10-1.74-10-2 rad (10°), is formed
with the use of an objective with a focal length of f' = 90 mm
and relative aperture q = 1:0.95,

Included as part of the equipment installed on board the
maneuvering SC 1s an angle tracking system and a system for
measuring the parameters of relative motion.

The same diode array as on the beacon of the target SC is

used as the emltter of the locator on the maneuverlng SC. It
operates in the same pulsed mode as the beacon, assurlng radiation
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with a power of 300 W in a pulse, with the propagation of the
radiation flux in the pencil with a vertex angle of 0.5-1.74.10-2
rad (0.5°). Despite the lesser power, the radiation force In
comparison with the beacon 1is greater by two orders of magniltude.

The angle tracking system is similar to the system of the
target SC and serves for the initial detection of the beacon and
for tracking it with the subsequent change to tracking the target
SC from the radiation reflected by the unit of corner reflectors.
In the recelver of the angle tracking system of the maneuvering
SC, an optical system is used which assures a field of view of
10-1.74-10-2 rad (10°) in detection, and in tracking 0.75:1.74.
-10-2 rad (0.75°).

A block diagram of an angle tracking system during operation
in detection and tracking modes is presented in Fig. 8.9 (a, b).

- -

Synchro+t %x;:c‘plt-_ o
SR sencgf] Signal® for

] signals|Sw_tching

=¥ fé’gsgn 7 - mode 5;.
1 P |

SEE L
troiling et e

"Sc%“nnre_r‘

Fig. 8.9. Block diagram of a tracking system:
a. detectlon mode; b. tracking mode.

The optical system of the receiver consists of an objective
with a focal length of 90 mm and a relative aperture of 1:0.95
and a projection system with a Cassegrain mirror objective having
a focal length of 640 mm and a relative aperture of 13i3.6. In-
stalled in the focal plane of this objective is a photomultiplier
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with a dissector, type F-L4004, the signals from whose output are
used both in the angle tracking system and in the range measuring
unlit.

The size of the scanning diaphragm of the dissector 1is such
that electrons from the section of the photocathode wlth an area
less than 0.001 mmZ2 fall in the multiplier at each moment in
time. In this, the instantaneous fileld of view proves to be
equal to several w/64,800 rad (seconds of arc). The use of a
deflectlng system in the dissector permits "looking through"
various sectilons of the photocathode with the scanning diaphragm, /259
which is equivalent to scanning a given {10-degree) scanning
zone with the lnstantaneous fleld of view. At the same time,
the presence of a dissector along with the detection of the
tfarget SC provides the opportunity to determine error angles and
accomplish tracking within the limits of the scanning zone.

The small value of the instantaneous fleld of view reduces
considerably the influence of the background illumilnations and
furthers an increase in the precision of the angle tracking and
the determination of the coordinates of the target SC.

The zone of coverage is scanned by the instantaneous field
of view by the line-frame scanning method with the discrete change
from one element of sweep to another (Fig. £.9a). In order to
exclude the possibility of an omission, the scanning of adjacent
sections is accomplished with sufficient overlap. The stepped
displacement of the instantaneous fleld of view is regulated by
the feeding of pulses from the master oscillator and is selected
so that at least one palr of pulses of radiation flux emitted
by the locator's transmitter or the beacon mahages to arrive at
the receiver from one section of space. A video signal from
the output of the dissector goes to the preamplifier and then
is amplifiied by a three-stage amplifier with automatic adjust- /260
ment of amplification.

To increase the noise immunity of the system and for the
more effective discrimination of the useful signals, a synchronous
detector is i1ncluded in the circuit which uses information about
the width and synchronization of the arriving pulses. If a pair
of pulses with amplitude no less than the given threshold value
and with the same time interval between them as is given by the
master oscillator arrives at the circuit which gives out the
signal of the presence of the target, a "presence" signal appears
at the output of the circuit. The appearance of the signal
causes a change from the detection mode to angle tracking.

Transverse scanning is conducted in this mode within the

limits of a small frame (see Fig. 8.9b) whose size comprises about
3% of the linear dimension of the entire scanning zone. In this
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regard, the small frame may be 1ln any section of the scanning
zone depending on the location of the target at the moment of its
detection. As the target displaces within the limits of the
scanning zone, the frame will also displace in such a way that the
target remains in the center all the time. In this mode, sig-
nals from the output of the synchronous detector, along with
information from the control cilrcuit, are fed to.the unit for

the formation of error signals. Then these signals, in the

form of direct-current voltages proportional to the deviation

of the target image from the center of the frame, are agaln fed
to the circuit for the control of transverse scanning, assuring
the matching of the center of the frame with the direction to

the target.

Furthermore, signals are generated in the circuit in the
form of direct-current voltages which characterize the angular
position of the small frame within the limits of the scanning
zone (X and Y angles) and the angular velocitles of the displace-
ment of the target in the scanning zone (X and Y velocitiles).
These voltages, proportional to the measurable values, passing
through a converter, go to the computer of the system for con-
trolling the movement of the maneuvering SC in the form of
output signals of the angle tracklng system.

Wlth the start of the angle tracking of the target 3C by:
the lecator, the long-range system 1s turned on, the block
diagram of which 1s presented in Fig. 8.10. It assures the
measurement of range with resolution on the order of 10 m and of
the closing veloclity with distances between the SC's of up to
120 km. The pulsed method of measuring range and c¢losing
veloceity i1s realized in the ecircult of this system.

From the output of the master oscillator, the signals go to
a synchronous counter which performs the role of divider and to
the strobe-pulse generator. The pulses of the synchronous counter
are fed to the generator of double pulses. This generator
generates palrs of pulses with a duration of 10 ns each and
divided by 16 single pulses of the master oscillator, which
corresponds to a time interval between the leading edge of
approximately 1 us.. ‘The .double pulses, =recurring.with.a frequency
- of 1 kHzj are fed’'to twe parallel laser excitatieon clrcults with
silicon-controlled ‘reetifiers (SCR).whichare.triggeréd sequen- /261
tially by the flrst and second. pulses. _—

The current which flows through the diodes of the array
depends on.the amount of voltage on the discharge capacitors of
the exeltation circuit, which 1s regulated by the voltage of the
AGC controlled from the locator's receiver, The radiation pulses
reflected from the target SC are received on the maneuvering SC
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and go through an amplifier to the synchronous detector. The
input signal of this detector is a pulse which characterizes the
time of arrival of the leading edge of the first of the double
pulses.

The time to the target SC is determined by'the measured
time interval between. the emission and the received pulse with

the use of a pulse counter. The counter is started by an emitted

pulse and 1s stopped with the arrival of the reflected: pulse.
The interval is filled with pulses from the master oscillator
which are also fed to the counter. Since the frequency of the
master oscillator 1s 14.990 MHz, one period, with consideration
of the double course of the beam, corresponds to 10 m. From

the output of the pulse counter the information goes to a
smoothing counter, where data on the range are averaged from the
results of every 100 measurements.

Simultaneously with this, information about range is fed to
a computer for determining the closing velocity which, on the
basis of a comparison of the last and preceding readings,
generates data about the amount and sign of the veloclty.

As closing occurs, when the distance between the SC's 1is
reduced to a value which assures dependable discrimination of
the useful signals 1n the short-range unit, the long-range
syatem is cut off. A block diagram of a short-range system 1is
presented in Filg. 8.11. It assures the’ continuous measurement
of range and closing veloclty with distances between the SC

from approximately 3 km to decking, with :range resclutlon of 0.1 m

and resolution for velocity of 0.01 m/sec.

A diode of incoherent radiation of gallium arsenide 1s used
as the radiation source here. It emits within the limits of a
cone with an apex angle of 2.5:1.74:10-2 rad (2.5°), which is
coaxial with the beam of a pulsed laser. The power of emission
of the diode equals ~ 40 MW with an excitation current of 2 A.
The radiating junction of the diode is in optical contact with
a hemispheric lens, which reduces losses to reflection. For
forming the »nencil, a fast objective is used with focal length
£f* = 50 mm and relative aperture q = 1:1.

After reflection from the target . SC, the radlation of the
diode 1s sent with the aid of a light-dividing device to a ten-
stage photomultiplier with a silver-oxygen-ceslum photocathode.

As a result of the heterodyning, a signal is obtalned on
the output of the main mixer with a frequency of 4.747 kHz and
having the same phase characteristics as the signal received on
a frequency of 3.747 MHz. Such a method of heterodyning permits
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obtaining high-range resolution. The connections between the
units and their interaction are shown in the block diagram. We
will only point out that the contour fillter is tuned to a fre-
Quency of 3.747 MHZ and serves for the conversion of the sine
form of the signal to a square shape.

The rate of closing is determined on the basis of a compari-
son of successlve range readings. Information about the range
and velocity is fed to a computer of the system for controlling
closing for use on the final stage of rendezvous and'docking

Thls elsctro-optical system has the following .characteristics:

- Qperating range 120 km;
- Range-measurement error 0.5% at distances from 120 to 3 km
and 0.1 m from 3 km to docKing;

- Error in determining angular docking coordinates 10. _ . "
(10m). - - &4B,000
rad (10").

284



PART 2. PRINCIPLES FOR THE DESIGN OF ELECTROAQPTICAL INSTRUMENTS /263
- OF SPACECRAFT

- CHAPTER 9. ‘A" METHOD FOR CALCULATING THE RADTATION CHARACTERISTICS

9.1. A Method'fdf‘caldulating'thé'Amount'Of‘SOlaf'Hadiation Per-

.................

The power of the solar radiation reflected from some sur=
face and perceived by an electro-epifleal.instrument. depends not
only on the parameters of the instrument but also on the charac-
teristics of the reflecting surface. Thus, for example, if the
field of view of the instrument is directed toward the earth, then
both the clouds and the surface of the earth with the atmos-
phere may fall within its limits.

If the Tield of view of the instrument is directed toward
clouds illuminated by the sun, then we can approach the cal-
culation of the radiation reflected from them in the following
manher. Since the clouds are g diffuse reflector with a reflec—
tion coefficient pg, on the basis of (1.21) we find their :
luminance

; (9.1) ‘

where Eg is the lrradlance created. by -the sun.

The-irradiance -created by the clouds in"the-plane of the
entrance -pupll of the instrument depends on the- dlmen31ons

of the radiating surface. However radiation from not all
sections of this surface will fall on the receiver. The radia-

tlon flux will fall on it only from the sector which is limlted
by the instrument's instantaneous field of view. The o
irradiance created in thé plane of the .entrance pupil by the
radiation which comes from this secticn of the sur%ace will be
called the active irradiance. The expression Whlch determlnes
the active 1rradiance E5 has ‘the appearance

& Fg
=2 ='—‘—S Qnmpf
Aent. 0 % ' (9.2)

where 95 1s the radiation flux reflected from the clouds and
falling in the instrument; Asptg i1s the area of the entrance
pupil of the instrument.
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When a portion of the field of view 1s directed at the /264

cloud cover and a portion at the cloudless section of the earth's
surface, the active irrddiance at thé instrument entrance
will be

_ . E ) :
3Ea: d,a,- —.“S[f’—o”en Qo l_nél P l (9.3)

where ng is the coefficient which characterizes the fraction of
the field of view occupied by the cloud cover; pg 1s the co-
efficient of reflection of solar radiation by the "earth's sur-
face-atmosphere” system.

Naturally, if we consider the radiation reflected from the
earth as interfering, the most difficult conditions for the
operation of an electreo-optical instrument .will occur  -when the
instantaneous field of view of the instrument is directed entire-
ly at the clouds, i.e., ng = 1 and

£g .
Eé!:-n— A

The active 1rrad1ance Wwill be maximum with the .
normal incidence of the sun's rays on the sections of the cloud
cover which fall in the fleld of view. In thils case
Eg = 0.135 W/cm2 and the maximum possible value of the active
irradiancé at the entrance of the instrument will be

0,135

Eaga="" tap = 0,043 0 0p) W/em? (9.4)

If we consider that the orbital plane of the 3C is inclined
toward the glane of the equator by the angles i = 50-1.,74-10-2 rad-
80.1.74-10-2 rad (50-80°), the probability of maximum illumina-
tion is very small. In the majority of cases, the angle between
the direction being consldered and the directlon of incidence
of the rays will be at least 20.1.74-10~2 Pad-30-1.74- -10-2 rad
(20-30°) and the coefficient of diffuse reflection po < 0.7.

The values of the effective irradiance which will =
cceur under actual condltions are pregented 1n Table 9.1.

If there is.no sloud cover above the earth's surface, then /265

the underlying surface and the atmosphere will Tall in the
instrument's field of view. In the first approximation, the
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value of the active irradiance'Qan;beLdetermined from -
formulas similar to (9.2) and (9.3):

Ey=lgnte(n— ey | (9.5)
and | o :
\ E?=Jﬂh 0
ST R (9.6)

TABLE 9.1. DEPENDENCE OF EFFECTIVE .IRRADIANCE .AT "THE
ENTRANCE OF THE INSTRUMENT ON THE SIZE OF THE
INSTANTANEQUS FIELD OF VIEW.

| Field~of—vision| 3-10-4 |[7.5-10-¢ |1.5.10~% [3.10-8 |9-10-3
|'angle, 2W rad )

| ,
Active irra- . 10— . .10~1 .
. dlanes . 1.74 101_9 1.11-10—% 4.3(840‘“5 1,74-10—7% 1.56-10—6

1

' __Eal Wirm?
. Field-of-vision|1,74.10-2[ 3.5-10~2 | 8,8-10-2 | 0,174 0.3
. angle, rad 5 .

, ang] |
|dgkive drwas - 15.0.10-5 | 2.5-10-5 | 1,010~ |6.0.10-4 } 2.5.10-3

' Ea1 W/emZ

Relation (9.5) permits finding the active iIrradiance
when clouds also fall in the field of view along with the
earth's surface.

Formulas (9.2}, (9.3), (9.5), and (9.6) can be used only
for approximate estimates in those cases where the reflection
coefficlients change weakly with a change in wavelength and if a
nonselective radiation receiver 1s employed in the instrument.

For more rlgorous estlmates, we conslder the change in the
reflectivity of the ground cover in accordance with the spec-
trum. In addition, the radiation which falls on the earth is
attenuated selectively by the atmosphere during. passage to the
egrth's surface and return. This should alsc be considered in
the calculations.

In those cases where a radiation recelver having selectilve

sensitivity is used 1n the instrument, the use of integral
reflection coefflcients can lead to significant errors.
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Layer of the 1M ”!ug”5=09mufﬂnﬂl _ leadsltoxthe necessity

; atmosphere~ ~ - ~~_® - to change from regular

i Ak irradiance at the

I ) entrance puplil of 7

\ > - ) = the instrument and radia-
Pig. 9.1. For the determination of tion flux which falls on

the effective value of active o the receiver to effec~
irradiance at. thé entrance of -an . fhve ~values of 1ir-
instrument caused by reflected ' radiance and radia-
solar radiation. tion flux.

In general the /266

effective value of the active monochromatic irradiance oo,
at the entrance to the instruments (Fig. 9.1) will be

G B an e (T, (1) 0 ) T (T 5 1), (9.7)

where e§$ff , is the function of spectral density of the effective

active monochromatic irradiance reduced.to the entrance

to the lnstrument; eS& is the function of the spectral density
ax

of irradiance ecreated by the.sun .on, the.boundary of. . ,,5

the atmosphere on the wavelength of maximum radiation; es(l) is
the function of spectral density of solar irradiantce

in relative unlts; t14(%) is the spectral transparency of the
atmosphere for the solar radiation which falls on the earth's
surface; pe(A) is the spectral reflection coefficient of the
surface being examined; 1gz(A) 1s the spectral transparency of
the atmosphere for the radiation which goes to the instrument;
TO(A) is the coefficient of the spectral transmission of the
optical system of the instrument; S{(A) is the relative spectral
sensitivity of the radiation receiver

The effective active irradiance.can be  determined
by the integration of expression (9.7) for the variable

o
ATe ;‘ Sip= [esentc T, 005 OnisOa g,

We multiply and divide. the right.side .of’ equation (9.8) by
the factor - }
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es’mes(’)d’bf R OL OIS (1)d1

B

and, after certain transformations, we obtaln

i ff_ eS-;‘max g.ec () 1a () 9'3 (1) Tpa A d)s O) dk
;é' b = . oo x :
) gima | €5 ) Toa B (1) ,

g ] esmBe ma .
| X *0 - € eg ..\ e(d)dr, o7
es, fes 0y s 7
8 0 ‘ )

whence, after simplification, we have
e b[eso)fa(a)ee(nrna(l)rommm | \
EST X
a.b o

Jes(_m') e Wy 7 o o)
bl L " oo So— . g.
[ £50) T WM oY .
X €9mae | €M AN
jswa T

| \
We note that| eslmaxafe(:.)dxxgs,is the Ilrradiance

created by the sun beyond the limits of the earth's atmosphere
and ‘g,Sl e(})rm()]ge())di.“f ' efi is the active irradiance
reduceé to the entrancé of the.instrument-withoub

consideration of attenuatlon by the atmosphere during propaga—
tion toward the Instrument.

In (9.9) we call the integral ratio

‘ ?eg(x) 0 () 000 Toa () T0 Q) 5 R
0

__’;(96‘) (9.10)
%‘gsmrmme-emd{ -

i
5
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the coefficient of the receiver's utilizatlon of the solar radia-
tion reflected from the earth's surface.

The second cofactor in (9.9) 1s the integral coeffilcient
of reflection of solar radiation by the earth's surface.

We designate it
[eMmameman e Je@matro M

j Qir? [ ‘ = = .

| e (\) i B ,eSv‘m:g e(h)dr

(9.11)

ot

|
i
|

Thus, from (9.9), with consideration of (9.10) and (9.11),
we have

££
.Ee ES'?(st)QLnl i (9 12)

y

The obtalned formula shows that the effectlve value of the
active irradiance reduced to the entrance of the instrument equals
the product of the irradiance created by the sun beyond the limits
of the earth's atmosphere times the receiver's use coefficient of

-reflected radiatien -and. times..the.infeeral reflection ceoefificient.

If the emitter is the moon rather than the sun, then all
calculation formulas remain as written formerly, but in plac

of ES, esl ax and eg(A), it is necessary to substitute Eg, eg ax

and eg(A) in them, which correspond to the irradiance created
by the moon.

9.2, Calculation of the Amounv of Solar Radiatlon Reflected by

Let us consider a method for calculation using as an example
in thls case the reflection of solar radiation from objects
with a c¢ylindrical and spherical forms which possess diffuse
reflection.

Assume that an emitter which has the form of a cylinder
and the instrument are mutually arranged as shown in Flg. 9.2
where we assume the followlng designations: y is the angle between
object-sun direction and the object-instrument direction, i.e.,
the sun-object-instrument angle; Q is a plane perpendicular to
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the axis of the cylinder;
€1 and £p are the angles
between plane Q and the
directions-to the sun and
instrument, respectively;
i is the angle between
normal N to the reflecting
area element and the direc-
tion to the sun; ¢ is the
angle between the normal °
N and the projection of the
objeect=instrument direction
to plane Q; & is the angle
in plane @ between the

' projections of the object-
Fig. 9.2. Diagram of the reflec- sun and object-instrument

tion of solar radiation from a directlons to 1t; o is the
cylindrical object. angle in plane Q between

the normal N and the pro-
Jeetion of the object-sun
direction.

Consldering the éylinder as a secondary emitter, we can

write that the force of emission dI from the area element dA
will be

dl=BdA cosi, (9.13)

where

dA = Hr@u; ‘

H and rp are the height and radius of the cylinder
‘cosi=cosacosky:.

B is the energy brightness of the area.

If we accept that the object is a diffuse reflector. then
with illumination by the sun, it energy brightness will be

'B:-b;s- g COSECOS .
n .
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Substituting in (9.13) the wvalues which go into its quantities,
we find

‘ . . ..
di ==3gHr cost, cos &, oS @ cos ada.
P 9 L1} i 2 4 (9.14)

Considering that ¢ = ¢ - §, we rewrite expression (9.14)
in the form

!

di =-E§,-’9Hro cos £, cos §, [cos 8 cos®a 4-sin &-sin a cos ] da.
on \

Integrating this expression, we find the total radiation
intensity of the object in the direction of the instrument

\‘ E o3 L]
: ],.—_-;Si oHrqcos k, cos [cos 3 Scos‘ ada +sin & j sin @ cos aa’a] |

- 7% i

or

4

!_f=£fQHro cos £, cos Eg[(a+ s'";“ ) cos a—'ri’_";_“ sin a]",i (9.15)

The upper limit of integration of ap is established from the
condition that with the angle o > 7/2, the surface of the object
in the direction of the instrument will not emit anything; there-
fore, we take ap = =©/2. The lower limit is determined by the
position of the sun with respect to the instrument. Since the
maximum angle from direction OC, when the sun is still
creating illumination on the side surface of the cylinder, should
not exceed m/2, the lower limit, as follows from the drawing,
will be

a1=3—-—u—-

2

With consideration of the established values of the limits, ~ /270
from (9.15) we will have —

!

: 5 )cosi‘»-}-sin’a],_j (9.16)

1
[
or
I_.

; 1=—@QHrﬂcos 5, COS e |
. a 1
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With this the value of the angle § 1s determined from the given
values vy, £] and &2 'in the following manner.

On dlrectlons OC and OP, we lay off segments of identical
length OA = OB = b. From points A and B, we drop perpendiculars
to plane Q and designate them AM7] = ¢, BM2 =d, M1M = a, In
order to establish the relation between angles vy, -, £2 and
angle §, we express segment AB by segments ¢, 4, an& a, and also
from trlangle AOB. TFrom the drawing, it follows that

B=(ctdfla* u AB*—25°— 28 cosy. |

Equating the right sides of these equations, we obtaln

_(c+d)=+a==252(1—cosy),\ (5.17)

where

c=bsink; d="bsin &;
at=5cost 1§ cos?t,— 2b cos %, - cos &y cos b.-

Substltuting the values ¢, d, and a in (9.17) and removing
parentheses, we find: _

b*sin?t 4 b sin? L, 4+ 26° sin ;- sin ,2—|-e‘;=cos'“;',l+i
+ b* cost,— 2b° cos §; c0s3, €05 8=26(1 —cos y). f (9.18)

After making oertaln transformations, from (9.18) we
obtain

V P
11-5n1ﬂ5u1@-—cosﬁ cosazcosa==1——cosy

or

i i = — C0S
sin §,-Sin 5 —C0S 5 COS 5, .cos & s

|

from which we have
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cos b= cosT—é-sin'E;sinEz — cos 7 “']‘thx.thz-ﬁ (919)
. =1

! _cos §ycos B2 cos £ cos &2

Thus, relation (9.16) in aggregéte with formula (9.19) pro-
vides the opportunity to find the intensity of the reflected
radiation.

If the surface of the object reflects selectively with
reflection coefficient e(A), formula (9.16) is written as
applicable to monochromatic radiation

| i;:isig().)ﬁracosslcosez[(n— 8-{-553.’.?_5.) C055+5iﬂ35]J (9.20)
| i ’ -2 - '
and then converted to the effective value . of irradiance . /271

reduced. to.the entrance of the instrument which, by analogy
with {9.19), can be presented in the form

ff éS‘maxbreS M e Ta M M) s () & N \
Eg' == €5, . & (RHdrx -

-
&

L, e 0)dh (9.21)
- > 0 ° - '
X Hrycosycos 22[ - a+__5‘”225)cos a+ginsa]. (9.21)
] . - o '
, J Tec M e () T () 100)s ()i
Designating 2 _— the coefficient of

.‘  fema
! [
-utilization of the radiation reflected from the object by the

receiver, from (9.21) we obtain

S

| peff E§ sin 2%
fEcS T alz :

Hrok cos, cos Ez[(n——a)—;— 5 )cosﬁ—]—rsin’!i] ’ (9.22)

The radiation fluk which'réachés‘thé éntrance'of the instru-
ment after reflection from objects of a spherical form will be
the sum of two components depending on the state of their surface:
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a flux caused by mirror reflection and a flux due to diffuse
reflection.

Let us first consider the case of determining the amount of
reflected flux from an object with mirror reflection when both
the recelver and the emitter are on the same axis (Fig. 9.3).

|
I
|
|
e
13
|
|
t
Il ‘L\'f't\\_&\“';.;
: h

Flg. 9.3. Mirror reflection of radiation from
objects of spherical form.

As follows from the sketch, only the radiation flux which is

propagated within the Iimits of a so0lid angular aperture falls
on the receiver after reflection from an object. This solid
angle 1s characterized by the plane angle

2L (9.23)

where L 1s the distance between the instrument and the object;
De is the dlameter of the entrance pupil of the objective.

With a given radius of the sphere, the radius of the area h
on the surface of the sphere from which the reflected radiation
will be propagated at angles to the axis not exceeding ao de-
pends on the dlameter of the receiving objective of the receiver.
Actially, radius h is determined by the angle a2, which ‘equals
oo = g + By.

Since

.31=

o

T (9.21)
then
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where -

Substituting the values of ap from (9.23) and aj in (9.24),
we find

(9.25)

With small angles of B we can consider that B = h/R, then

i -
il::*)liq.{? or.ﬁﬂ::ﬁ(il_L_L)J

Hence, we find the radius of the area on the surface of a
sphere wlth reflection from which the radiatlon ﬂralls on the
objective of the recelver

DR~
"2@L+mw

Since R << L, then ignoring the value R in the denominator
of the last formula, we obtain the expression for the calculation
of h

A=RC
aL (9.26)

This means that the ideal mirror sphere with radius R is equiva-
lent in 1ts reflectivity to a flat ecircular mirror with a diam-
eter of 2h. Table 9.2 presents comparative data on the dimensions
of the sphere and reflecting area at varlous distances.

The size of the reflecting area of radius h is /273
Rz
A:=ﬂh’=ﬂ 1&!._2' \ {(9.27)

If the radiation intensity of the emiftter Iyp 1s known,
then the value of the radiation flux which reaches the receiver
after reflection from the object (without consideration of
attenuation in the medium) will be
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(9.28)

Crer= oty
where pp is the coefficient of mirror (directional) reflection
o : AL
of radiation flux by the objective; jmﬁ=2§f is the solid
|

angle within whose limits the radiation flux which is propagated
from the transmitter falls on. the objective.

TABLE 9.2. VALUES OF DIAMETERS OF REFLECTING AREA IN mm DEPEND-
ING ON THE DISTANCE TO THE OBJECT WITH VARIOUS DIMENSIONS OF -
SPHERICAL OBJECTS AND Dnp = 0.5 m

L xx 0,2 10,3 |0,4 (0,5 |1,0 | 2,0 5,0 10

' R=1w 1,25 (0,85 [ 0,62 0,50 | 0,25 0,125 | 0,050 | 0,025

R=20u |3,12 2.1:‘2 1,66 11,25 10,62 ( 0,312 0,125 0,062 ‘

R=5wm 6.2514,25{3,12 2,501,235 0,625 | 0,250 | 0,125

With consideration of attenuation of the radiation by the
medium, expression (9:28) takes .the form

® —7 word
Q= ot (9.28a)

where T is the coefflcient of transmission of the radiation by
the medium with propagation in .oné direction.

From (9.28) and (9.28a), with consideration of (9.27), we

have
Y %P (9.29)
and 1624 !
Rz

;—'fdb'l ang'z .
| Gree [ (g e (9.29a)-
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With the use of a-laser as an emitter, on the basis of (1.4),
the radiation intensity of the transmitter will be

,_EB&mL_EAﬁm..__Lumrl

°b u—°§- nﬂf> (9.30)

where wp and @, are respectively the solid and plane angles of
divergence of the beam of the irradiator.

.
P
-q
I~

|

From (9.29) and (9.29a), considering (.30), we find

PR
q’reFﬂgﬁ'E%—Ob’Qm | (9.31)
| i

N

and

_ Yasef D%
IEC mﬁlw 2 E A \ (9.31a)

Sometimes, irradiators are used with mirror reflectors and
a2 luminous element with Zuminance. B. . In . these cases,
the radiation intensity of the 1rrad1ator is found from the
formula

lt*:”i:?t-’-‘-‘-’qp‘-”’?# - (9.32)

where A,y is the area-of the exit opening of the projector; Ppr
is the coefficient which considers the leoss of radiation in the
irradiator itself and on the reflector.

With the use of such an irradiator, from (9.29), (9.29a), and
(9.32), we will have

BpA RDY |

Qre_('.' =4 1644 Om | (9 . 33)
. ' . L
and - B D P
S T (9.33a)

It can also be shown that, on the basis of (9.29) and (9.29a),
the radiation intensity with mirror reflection from an object of
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Spherical shape will be

Rﬂglli - RQTC
1é:ei.m Iob 412 | and Iref m]ob a2 eﬂf (9.34)

Second, let us consider the case where an object reflects
diffusely (Fig. 9.4).

4 o e

dlgh

Irradiator

— ommma—  i———

Fig. 9.4. Diffuse reflection of radiation from
objects of spherical shape.

/

The irradiance created by the transmitter is \- /275

determined in an arbitrary point of a spherical surface by the
formula

I
E=*cosa, (9.35)

where o 1s the angle between the normal to the surface and the
direction of propagation of the beam.

Assuming that the coefficient of diffuse reflection :of the
surface is pg, on the basis of (9.1)we write the expression for
"the luminance of this surface as a secondary emitter

B

E
ref” 7 i

whence, considering (9.35) we obtain
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g - _1¢ TeQdcosal| (9.36)

‘ ref uL2
Taking the elementary area dA (elementary circular zone with
width d&) as an equally bright emitter, we find the intensity
of the radiation reflected toward the instrument from the
formula

df f...B dAcosu: (9.37)

where dA = 2mrdf;-r = R sin d is the radius of the circular zone;
df = Rdu.

Expanding (9.37), we write

/s 2BnR? si da.
dlyver=28nK mnafosa-al {(9.38)

Since the emitter and receiver are in the immediate
proximity of each cother, the limits of change of angles o and o]
are practically identical during irradiation and reflection.
Then the total intensity of reflected radiation is found by
integrating expression (9.38)

: . =2 B ‘
‘ fmf::j‘dfmf:(y 2BnR?sin a cose da,
E - : :
whence, with consideration of (9.36), we will have

%

2
‘S f _'grRﬂqo-resi necosa - z

L2 |
¢ -

=2 ) J

A/ 20 .
=__m lSsm acos?a da.

L2
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Integration of this expression provides

, a7 o RE R
feg=—t— g1, | (9.39)

where I¢r 1is the radlation intensity which is calculated, de-
pending on the type of emltter, from formulas (9.30) and (9.32).

The value of the radiation flux reflected diffusely from the
object and reaching the receiver is calculated from the formula

LT ];‘ﬂz .
Cg= Eei‘_e A = & |

en.ap 412

whence, with consideration of (9.39), we obtain

nl R2D2,
Y= g (9.40)

In practice, both mirror as well as diffusive reflection
occurs simultaneously. Then the total intensity of reflected
radiation will be

I3=kpefurt Tret g

Substituting here the values for I.ge p and Ipep g from
(9.34) and (9.39), we find

=ty Rleg 1 2 4 R g REgf G dg
/s "tr'.u_z o Iei ‘}_‘;eQi-—ftran(_—i—-}'?)o\ (9.41)

The _total value of radiation flux on the recéiver entrance
on the basls of (9.29) and (9.40) can be calculated using the
relation T :
R2ng K J

.2
6L4 E.Qd"l

- : R'z%“’.
F(D::Qm-‘_ Pg= 1ty 1ﬁL4bTeQIﬁ+ fgy 1

301



whence "R,

(9.42)

9.4, <Calculation.of Radiation Intensity with Reflection from

............

To increase the operating range of eidectro-eptical instruments
of the active type on objects which should be detected, in a
number of cases speclial devices are installed in the form of
corner reflectors or "tail light" reflectors.. They are a
set of four-sided glass prisms on all faces of which mirror-
reflecting coatings have been applied except to the entrance face.
All three mirror faces comprise right angles with each other /27T
(Fig. 9.5). The basic property of such prisms is that the
pencil of rays which falls on the entrance
face, after reflections from the mirror faces,
leaves the prlsm in the opposite direction.

The divergence of the reflected pencil
increases somewhat as a result of the dif-

‘ Entrance fraction effect and the imprecision in
INE ap,ace manufacturing the "tail 1light" reflectors
i dgﬁaxror— and will comprise the value
faces

L (9.43)
Pig. 9.5. Corner B

reflector
- where 684 and 8 are components of the angle

of divergence of the reflected pencil caused
by diffraction and imprecision in manufacture.

The first component can be calculated from the known formula

A
deosf |

qi==

where A 1s the wavelength of the incident radiation; d 1s the
linear dimension of the entrance face of one reflector; 8 is the
angle between the beam and the normal to the reflector.

If A 1s measured in ﬁm and d in cm, then aftfer the mateching
of the dimensions, we obtain
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0 . . (9.44)
‘ d_dcosﬁ 10~ '

The second component depends on the quallty of manufacture
of the reflector. Assuming that the divergence of the pencil
due to impreclsion of manufacture of the reflector 1s n seconds
of arc, we have

; ‘ 2 | !
Eeref_: IO*‘( d cos B TO.OSIL). (9.45)

With the derivation of the relation for calculating the
intensity of reflected radiation, in this case we wlll consider
that the elementary reflectors on the object are assembled in a
unit with the area of the reflecting surface equal to Apsr. On
the basis of (1.4), we find that the irradiance created - .
on the object by the transmitter of the instrument of the actlve
type wlll be

4P
ety
ol (9.146)

where 6, is the angle of divergence formed by the optical system
of the transmitter and directed toward the object; 6¢p is the
radiation flux emltted by the transmitter wlthin the limits of
angle Bpn.

It is not difficult to show that the main share.of the radia-
tion which is propagated 1In the direction of the instrument is
reflected by a corner reflector. The value of the reflected
flux is determined from the expression

wt‘xfreﬁ.; . 1
et foxs tefEcE a2 Qs Ps | (9.47)

where pref 1s the coefficient of reflection of the radiation of
the transmitter by the "talil light™ reflector.

Considering that the reflected radiation is propagated in a
pencll with angle of divergence Bref, we Tind the radiation
intensity reflected by the object in the direction of the
instrument
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4¢

] = ref (9.48)
rel” a2 '’
ref
where %%%¥f=%mf! 1s the solld angle within whose 1limlts the

laser radiation reflected by the object 1s propagated in the
direction of the instrument.

Substituting in (9.48) the values of the quantities from
(9.45) and (9.47), we have

IG‘I’Aiefooﬁéfrr 108,
T ’I

ﬂ?ﬁé( dc:sﬁ + 0,05::)21.2 ' (9 . J—l9 )

By analogy with (1.8), the value of the radiation reflected
by the obJject which falls on the recelver will be

whence, after substitution of Iper from (9.49), we obtain

%c—: 16@'%14?; ' \p.l’EfT%aTOTf-‘Tr

108 cos
32L4B%-,( 2 c‘;’ 8 i
S

+o,05n)2 | (9.50)

At present, corner reflectors are made so precisely that
the divergence of a beam after reflection is increased by only
2"-5" of arc, that is, n = 2-5 seconds of arec.

The reflecting faces of the "tail light" reflectors are

coated with a mirror coating wlth reflection ceoefficlient
Pref = 0.9.

With consideration of this, we obtaln

e e o
: 2 . [
fr(m ; *”5)’" | (9.51)
1,@ 1 45‘151:"re‘£4en.ap TZT " ‘
1 o 4$( +02ﬂ - 10 cos ? (9.52) /279
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These permilt calculating the intensity of reflection of the
radiation by a corner reflector and the value of the radlation
flux attained by the recelver after reflectlon from the object.

9.5. A Method for Calculating the Functions of the Spectral
- Density of Selective and Gray Emitters:

Frequently, for some selective or gray emitter, one of its

integral characteristics is known (emitted flux &, ...
luminous intenslty L, energy brightness B, energy

luminesity R, or 1rradlance E).and its dlstribution

over the. spectrum 1s given in relatiwve units, 1.e.,

the function of relative spectral density isknown and it is
requlired to estimate the radiation of this source in a compara-
tively narrow angle and have data on its spectral characterlstics
expressed in absolufe units.

With such a posing of the problem, the necessity arises,
on the basis of the indicated i1nitial data, to find the corres-
ponding function of spectral density (in absoclute units), which
corresponds to filnding the scale of the function of the relative
spectral density. The function of spectral density permits
estimating the characteristlic of Interest in the required band
of the spectrum. Let us consider the method of determining
the function of spectral density with the following example.

Assume that we know the luminous infensity of the
source I and its relative spectral distribution given by the
function of relatilve spectral density ipei(d) (Fig. 9.6). It

is required to find the

function of spectral den51ty
of duminous intensity -

LV _ C C o i(A) and its maximum value.
i In accordance with
iz |  (1.23), we have
06 | , i
o f - 'fr-jiﬂ)d*-, (9.53)
62 | v |
10 20 30 4.0 ' Lﬂ“uﬁ?i We transform this ex-
- pression in the followlng
4 _ manner. Referring the
Fig. 9. 6. Function of relative current wvalue of the function
spectral density of luminous . of spectral density of . -
Intensity. - . - luminous intensity 1(1) to its

maximum value i,,,(}), we
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obtain the function of relative spectral density of the
luminous intensity i,,7(A):

&eﬂ}:ﬁ. ; (9.54)
whence we have ' /280

=1 (ML _{A). (9.55)
Substituting (9.55).in (9.53), we find

I=l.., (A)J.Ireil)dl. (9.56)

The soclution of this equatlon relative to imax(k) gives

e () = |

i;@n; (9.57)

-
|

Inasmuch as 1n the majority of cases the function ijpg1(})
and any other function of relative spectral density has no
analytical expression, the integral of the denominator in
formula (9.57) is usually calculated by graphlecal integration.

Setting ourselves the integration step A, let us analyze
the entire band of the spectrum where i,ge1(A) # 0 for intervals
with width AX;. Replacing the integral by the summation sign
with the selected integration step, we can write

JERNCLEES {’*ﬂf-\':’ (9.58)

0 im}

where 1pe1(Aj) is the values of the ordinate of the function
rel(A) read from the graph and corresponding to the middle of
1ntervals Ady.

With an integratlon sftep invariable for the spectrum
(ﬁl = AX) = const, carrying AXA beyond the summation sign, from
%8) we have '

dio=AlL 2
5 relt) ,.Z,ffel( 4 (9.59)
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Thus, the integral of the denominator is the product of the
wildth of the integration step times the sum of the ordinates of
the function for all division intervals.

Substituting (9.59) in (9.57), we obtain

N I .
e ()= L,

Mélﬁe_ﬂ.;\j (9.60)

We obtain the relation for finding the current values of
the functilon of spectral density of radiation intensity 1(X)
from (9.55) with consideratian of (9.60). It will have the form

!

- . |
L) =Lof) —— |
Algiﬂa,} ‘ l‘ (9.61)

By analogy with (9.60) and (9.61), formulas can be obtained
for calculating the functilons of spectral density of other
radiatlion characteristics: radiation flux of energy brightness,
energy luminosity, irradiance. For example, for
radiation flux, the formulas will have the form

éﬁm(l) —-——‘£——; (9.62)
238 0)

& N=g, ) ——.
‘ Alz,ge(lf)

i=1

(9.63)

Example. It is required to determine the intensity of radia-
tion of a selective source in the band of the spectrum from

4.2 um to Ao = 4.5 um if it is known that its
'1um1nous 1nten51ty in the band from 2 to 5.5 um equals

5. .105 W/sr and its distribution over the spectrum is charac-
terlzed by curve 1 in Fig. 9.7.

We wlll solive this problem in the: féllowing sequence:

1) If the scale of curve 1 is arbitrary, then taking its
greatest value as unity, we construct the functlon of relatlve
spectral density of luminous Intensity i,.7(x) in a2’
unit scale (curve 2);
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2) Assigning integration step AA = 0.1 um, we read from the
graph the values of the functlon ine1 (ordinates of curve 2)
which correspond to the middles of the intervals and tabulate
them in Table 9.3:

TABLE 9.3.

Lj kn 2.1 (2.2 zaz4|mseﬁ 27[1823 aek& mgaa|m4k5 &51
, T oot |
) 0.33|0.22 0.21 o.zn{o.zs:o.ss}o.asin.sslo.as 0.31 0.22{0,1s|e.ulo.zulo,ztio.z.ﬂtﬂ.et l

A 3.7 (3.8 [3.9 LO4JIL2P£IL4P$|LBPJ[L84&1&OFJ[&!5J

X | . l
| fe1(rs) o.21lu.2o 0.18p,22 o.35’0.7931.ou]o.s4[o,43i0.22 0.12:0.05 o,oa!o.nz!u.mlu.m'o.co
L} -

3) Summing all values
of 1,e3(A), we find that

%&)
A1)
0§

=k |

’ 2 L) =10
(il14
ey 4) From formula (9.60),
we determine the maximum
value of the function of
spectral denslty of i
luminous intensity

Graphs of spectral |

Fig. ?.7l . N [, ! 5‘105 f!
distribution of luminous . : | finaz () = - = = 5105
intensity: 1. spectral distri- S fo1ti) .1 10 |
bution of lumincus intensity i= [
at an arbitrary ‘scale; W/ (sreum)

2. funetion of relative spectral
density of - lumlnous.intensity
(on a unit scale). ‘ 5% Using relation
(9.55), we find the values
of the function of spectral

density of energic luminous
intensity on arbltrary wavelengths

F0) = imax () ';:e‘_-é)') zs-loir.gég‘) W(Ew, U'ﬂ{)
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6) For calculating luminous intensity Ia) 1in the
band of the spectrum fromlkl-=;4,2'um'to:l2.=‘u;5 pm, considering
(9.60) we use the formula

. - .~ m to- :
r
!Al = imax U-)Al 2 Mlj) =5-10% f
J=170 . :
7) In the indicated band of the spectrum from Ay = 4.2 pm
to Ap = 4.5 ﬁm, we determine the value'off}i&apﬂ=aw+Lm+m&=2&’
F=17 !
(corresponding values from (A7) isolated in the table);

8) We find the required luminous intensity from the
formula ) ) :

m o - ST
f4;=5-105:0,1 ) L)) =5-105-0,1-2,63 = 131000 W/ ST,
- j=1 L ,

e =T

9.6. Determination of the Characteristics of the Radiation of a /283
Source from the Known Value of the Functions of Spectral
Density

We will consider that one of the functions of relative

spectral density, for example, the luminous®intensity

constructed in an arbitrary scale (curve 1, Fig. 9.8), and

the value of monochromatic radiation intensity in the band of the
spectrum AAs on wavelength Aj are
known, 1.e., 1 (A) and Ippi are
given. It 1s réquired to de%ermine
imax(x), i(A), and I.

From the known value of the in-
tensity of monochromatic radiation
Iaxss in the band AM; we find the
value of the'functio%-of spectral
density of the luminous
intensity on the wavelength Aj:

11 - A ‘ A pmy

!
Fig. 9.8. Functions of )= Ay | (9.64)
relative spectral density T Ay

of radiation: 1. 1in an
arbitrary scale; 2. in a
unlt scale.
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If a graph of relative spectral density of Iluminous
intensity is presented in an arbitrary scale, then 1t is
necessary, taking the greatest of its maximums as unity, to
construct the function of relative spectral density in a unit
scale (curve 2).

We determine the value of function ipe1()) on wavelength A,
and, using relation (9.55), we find

' 'Gﬂ
max('\)“""‘ ﬁe‘(li) } (9.65)

From the value of ip,x(A) now known, on the basis of (9.60)
we determine the luminous.intensity of the.seource .

: m |
/=1, AL Vi ; ‘
: max()A ,erel(lj)’ (9.66)

|

and from formula (9.55), with consideration of (9.65), we obtain

the expression for calculating the values of the function of
spectral density of luminous.dintensity on any. wavelength ,.

(} ) — (11) ée_{)‘f) ;

L) (9.67)

Similarly, we obtain the formula for the calculation of other /284
characteristics of sources of radiation., For radiation flux, '
for example, these formulas can he written in the form

W — W
Gunl) =g s /

(D"_gsmax Ak “ﬁref'f ‘
j=1 i

i

and

gﬁ()—%) |

(9.68)
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' 2526 30 A j 35 40A um-
Fig. 9.9. Curves of the spec-

tral density of the energy.
Tuminosity~of a source {for. the
selution of the problem):

L. relative speectral energy -
duminosity s«in:arbitrary *scale;
2, function ef relative spectral
density of erergy luminesity;.
3. Function.of spectral. density
of .energy .luminosity.

Example. Assume that
the relative spectral dis-
tributlon of energic
radiosity rpe1(A) given by
the graph (I'ig. 9.9) is known.
It is also known that on
wavelength Ay = 3.4 um the
monochromatic energic radiosity
inrthe band of the spectrum

m is Ra)
i2 0 W/cm}21 5"

It is required to

‘determine R, rpax(2)} and r(i):

1) We construct a graph
of the function of relative
spectral density of energy.
Tuminesity v, .. {A) {so that
its maximum ngue equals 1.8}

2) We determine the
value of the function rrel(lj)
on wavelength Aj = 3.4 u
From the graph, we have
rpe1(}j) = 0,15;

3) From the glven RAAJ andﬁAlj, by analogy with (9.64) wé

find

Ra:.]' 12,0 ﬁ'f/casﬁ

ro)= =

. : Co
= 1200 W {ex2- umi;

LYR 0,0 um

4) Using an expression analogous to (9.65), from the known
r(Xj ) = 1200W/ecm2-um and from rpe1{ij) = 0.15, we find

rig

1200

D Fmax (B) =

Treth))

0,13

~ 8000 i /(R i

5) We divide the entire band of the spectrum where rpei(A) #

# 0 into intervals with step AX

0.1 um and we find the values

of function rrel(lJ) which correspond to the middles of the
intervals (ordlnates of the curve from the graph) and we tabulate

them - -
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A | is l 26 | 27| 28| 20| 30|21 I 3.2 I 33 ] 34 | 85) 26 |37 a_,&ls.s 4.0

0.30

i

1_rre:|sl‘-)iﬂ.l2[0.40 0,48 | 0.32{ 032 0.5

.15 | 0.45 0.95‘0.70 0,0510.00 0.00

6) Adding all values of rpe1(ij), we find

3 wpome

7) Using the results of parts 4 and 6, we compute
A Y

‘R = roax (4) A2 Z _(Lx,}haooo W[(cu”um -0,1-6,20 = 4960 W /cu?;
= = o=

)
8) Using the relation

EEALY) .fi) = 80007, 1) W' f(en?. pm), |

1) =
‘r() i)

we find the wvalues of the function of spectral density of energy
Juminosity.

9.7. A Method for Determining the Radiation Characteristiecs of

Let us examine the simplest case where the temperature
of the radiating surface changes linearly with regard to one of
the coordinates. As an example, let us take a flat rectangular
radiatling surface, whose temperature changes linearly along
dimension H (Fig 9.10) and let us determine the energy.bright-
hesgs-for it.

On the radiating surface, we discrimlnate the area element
dA and on the basis of (1.12) we write the expression for the
determination of the luminous intensity .of this area :
along the normal to the surface

| =3ﬂdA:;°T4dA
Af== x O (9.69)
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Fig. 9.10. For

the determination
of the character-
istiecs of radia-
tion of nonuniform-
ly heated flat
emitters with a
rectangular shape.

where dA = Hd® is the area of the radiating

surface element; T is the temperature of
the radlating surface element dA,.

With a linear change in temperature
along dimension H from T7 to To, the

current temperature value at height h
from the base will be

T=T,tah, | (9.70)

where

‘o= =4
H

Substituting the values dA and T in
(9.60), we obtain

.7&/:%[7‘1-}-1&:“};& fz]fdh.f (9.71)

The “%umincus. . intemnsity.of.the, entire.surface i1s found by
integrating expression.(9.71).fok. the’ variable hi.. -

(9.72)

Integration provides

T sa(Ty—TY)

eslH To—T) S|H
( 1 + H h G"
- L

After substitution of the limits of integration we obtaln

I!- on T;l_—Tl ]

i - sslH Tg—?‘i |
(9.73)
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or

=" (T4 4T, L T TSI TY) | (9.74)

Introducing the designation AT = Tp - T, by means of
simple conversions from (9.74) we will have

1L (EE SRR (O o R (RE-o ] IR
X(HT_‘”; T (9.76)
=T+ P AP,

‘ AT
where P=1+;ﬂ
1

On the other hand, if the temperature is the same over the /287
entire radiating surface the luminousilintensity is.defermined
by the.expression L

eal H '
== (9.77)

From a comparison of (9.76) and (9.77), it is obvious that
for a nonuniform heated radiating surface we can select that
value of equivalent temperature at which the Iluminous L
intensity of the surface proves to be identical to the
luminous intensity of a surface with temperature nonuniform over
the surface. Equating the right sides of egualities (9.76) and
(9.77) we obtain

T4

011:1

1+p,,_pa+,,a+,,.) (9.78)

euiv

We note that even in the simplest case, when the temperature
changes linearly along the radiating surface, the equivalent
temperature differs from the mean temperature of the surface and,
what is more, the lumlnous intensities differ. What.
has been said is graphlcally confirmed by the data in Fig. 9.11
where the character of change of the equivalent temperature of
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the surface with an in-

‘T - s S
?mEff‘ - G%%@ﬁf crease in the difference
P2 a2y between the minimum and
At - - ;ﬁf 1 mean temperatures of the
19 _— ' dg - surface is shown. This
18r ‘ i same figure shows a
AT . _//'-m - graph of the relative
15y = ) hmn/ 0 48 change .in luminous
tr S LRI intensity with increase
sl - 9~ in AT..for-a~surface with
13+ PP LENE AL ] i7 _ d
ol - '7F¢ﬁ %ﬁq i gziperatures Tequiv an
SR - 13
0 12 74 16 18 20 2Z 24 26 38 J.EHQ?T, N Calculations show /288
' - that the difference

Fig. 9.11. Character of change of between Tequiv and Tyn
effective and mean temperatures and reaches 5% with AT = 2
energy=brightness . .which correspond and with AT = 1.6, does

to these temperatures.

not exceed 2.5%. At the
same time, the - -~
luminous intensity w1th

the same values of AT differ already by 10 and 20%.

Hence, the conclusion can be drawn that with insignificant
temperature differentials within the limits of the radiating
surface being considered, the nonuniformity of heating can be
considered by the introductlon of mean temperature and with
large differentials, it is expedient fo use equivalent

temperature,

Let us consider a circular ldeallzed emitter whose tempera-

CA=Znrdr

Fig. 9.12. For a
determination of

the characteristics

of radiation of a
nonuniformly heated
filat circular emitter.

ture changes linearly along the radius.

In order to determine the lumineus intensity
of the-entite area wé f£irst find thewenergy
brightness of a.cireular.zone.element ’

(Fig. 9.12) and we:imtegrate it for the
entire sunface: of the eirecle, "

With a 11near temperature change
along the radius, 1lts value within the
limits of the circular zone element dA

will be

T PERRL (g g,

where T; 1s the temperature of the
radiating surface at distance R; from
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the center; To 1s the temperature at the edge of the radiating
area at distance Rp from the center; r is the radius of the
circular zone element.

The Tuminous.intensity wf the circwlar<zone élement
with temperature of the radiating surface T will be

(9.80)

d! =£°T4d1-'l,

where dA = 2nrdr; dr is the width of the circular zone.

From (9.80), wilth consideration of (9.79), we have

A1

£q . Tr;—-j' . -
d1=2‘1n [Tl-i- ra R‘ (r-Rx)] rdr, /

then the luminous 1ntensity of. the-clrele with linearly ‘changing
temperature will be

. . _
/=\df=2:\ To=T1 o/ py
i o [Tt | Rorar (9.81)

Ry

The solution of equation (9.81) provides

R -7 IR—R R-R
]zQEﬂ{T} 22 1+4T?;Z._-21 23 1 22 1R1—l-

| e [ RI_RY g ‘ N .
+o7 (R A (R R R (RE—R%)]+
To—T) | Ry~ R}
ar (22 | B B Ry (R R+ RERE— R
1 1, T—T [ RE—R} 4 .
-t R A (L) [ B £ R Ry +

+ 3 R (R— R)—-+ R(Rj— )+ Ri(R— R |}
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carrying Ti outside the brackets and designating To - T1 = AT,
we obtain

0 (R-# R3~—R%]
1—==r*{1+8-,,— R S =L T

4 1 [ R-R 2
lg(ﬂ) (Ro— R\)? [ T 3 (R R)T

;| ; AT \3 . , Rg—-ks
R Ry o () [ AR
PR RYHRR R‘*')~-—R3(R= m)] | +(9.82)
i A 2___R5 - J
| (7") (Rg--m-f [ 3 R;(RS R‘):i-

+% R (R§— RY)—— R3 (R3— R€)+?Rf("”.=‘ @1}'

simplifying the expression in the brackets, we will have

— 2 _ 4 & AT
I =esTH(R R%){l' 3 Ty (RA=—RI)(R—R) '

(AT 23R2—8R2R,+6R2R’ #} i
+‘(T—1) (= R?)(Rz-—nnr"}' | (9.83)
;E‘ (AT)B 4RS — 13R3R, + 20R3RE — 10RERE + R '
5\7; (RE— RI) (Re— Ry :
41 (91)4 BRS 4 2LRER, + 45RARS — 0RIR] + 15;:334 RS}
BT T (B R Re—RX

2R} — BRI+ R '

If the radiating disk is continuous, i.e., R;] = 0, the /290
expression (9.83) is simplified considerably and takes the form

1 S E ) oo
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By analogy with the preceding, the equivalent temperature
of a nonuniformly heated disk will be

T =7i[1-8 4, (-‘T Li(éﬁ)a ]_(ﬁr .
équlle [I 3 Tl 3 Tl ! 3 Tl + 6 Tl i

(9.85)

If the temperature differential from the center of the disk
to the edges does not exceed 0.04 and it can be ignored, then

(9.86)

With 0.5Tp < T2 - Ty £ Ty, we can ignore the last term in
the brackets, the relatlve vaiue of which does not exceed 0.025.

Finally, wlth Tp - T > Ty, it is necessary to calculate
the equivalent temperature with consideration of all components,
i.e., from formula (9.85).

\
The luminous intensity of .the disk.with the tempera- .
ture of the radiating surface whilch changes linearly from the
center to the edges, expressed through the equivalent, will be

=eaR§Téquiv ,’I (9.87)

If the shape of the radiating surface differs from a
rectangle or a circle and the Iaw of temperature change is not
linear, the approach to the solution of the problem remains as
formerly. It 1s necessary to find the law of change of the
dimensions of the radiating area element and the law of ~change
of the surface temperature, place them in agreement with each
other and, taking the integral from an expression of the type
(9.59) in which dA and T wlll correspond to the situation being
examined, to find the desired radiation characteristic.
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CHAPTER 10. ENERGY CALCULATION FOR ELECTRO=0PTICAL.INSTRUMENTS

10.1. The Problems of Energy Calculation

The problems of energy .calculation of electro=optical equip-
ment are the determination of the values of some parameters with
which the required relationship between the useful signal and
the signal caused by the internal (intrinsic nolses of the
receiver) and external (background radiation) intepference is /291
assured at the output of the radiation receiver. These prob-
lems are reduced to the calculation of either the threshold
sensitivity and range of action of the instrument with given
parameters or to finding the values of these parameters in
accordance with given range of action or threshold sensitivity.

The range of action and threshold sensitivity of an electro—
optical Anstrument are- its most important eharacteristics.
Both these concepts are practlcally indentical, but one of them
(range of action) 1s used 1n work on radiating objects at finite
distances away, while the second is used most often as
applicable to equipment intended for operation with infinitely
distant emitters, for example, with the stars.

In the energy calicilation of electro-optical iInstruménts,
the following cases may be encountered:

- The observed object 1s projected on a nonradiating
background;

- The obJect is projected on a uniformly radiating back-
ground;

- The radiating background on which the object is projected
is nonuniform.

In any of the indicated cases, the initial data for the
power calculation of electro-optical equipment are data which
characterize the radiation of the object, background, spectral
transparency of the environment and elements of the coptical
system, and sensitivity of the receiver. Included 1n the data
on radlation of the object are:

~ The spectral composition of the radiation which is des-
cribed by one of the functions of spectral density:
radiation flux #(1), energic luminous inten81tv i(l),
energy brightness b(A), irradiance r(X);

- Area of the radiating surface Ap;

- Emittance coefficient e(A);

-~ Contrast~frequency characteristic.
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Let us note that the spectral composition of the radiation
of ideal black and gray bodies can be determined if the temperature
T of the radiating surface is known.

Therefore, for such emitters, the temperature of the radia-
ting surface T is usually given instead of the functions &(A),
b(1) and so forth.

10.2, Calculatlons of the Range of Action and Threshold Sehsi—

The first stage of the energy calculation ils* reduced to. the
determination of the amount of radlation flux from the obJect
which falls on the radiation receiver.

Inasmuch as the spectral composition of the radiation flux /292
of an object is generally described by an arbitrary function of
spectral density and, in the path of propagation, undergoes
selective attenuation in the medium .and. elements ofvthe
optical system, it 1s necessary to conduct all reasonings and
derivations of relations as applicable to a monochromatic radia-
tion flux with the subsequent change to integral radiation.

The monochromatic radiation flux from an object which falls
on the instrument is determined as the function of spectral
density of energy brightness b(A) and the dimensions of the
radiating surface Ap, and also as the value of the solld angle
w within whose limits the flux which is propagated from an
object falls con the electro-aptical instrument. (Fig. 10.17.

For an IBB or gray
body with a known
temperature, function
b{(A) 1s described by
the relation

b()="1ET) |
; I
Fig. 10.1. For the derivation of the

equation of the range of action of an

electro—optical instrument. Since, on the basis
. P of (1.5) 1(A) = b(A)A,
cos o, the value of the
monochromatic radiation flux which enters the instrument,
without consideration of attenuation by the medium, will be

d‘I’,-—Jf? Jodi= A,_,b )mcosudf |
(10.1)
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Designating in the expression which has been obtained

A b(ecos(@=¢ (), | (10.2)

we have

d0;= () di.= Agh (Mo cosad, | (10.3)

where ﬁ“ﬁ{%ﬁéﬁx ; Aen.ap 1s the area of the entrance pupil of
. 2

the instrumenu-!n which the solid angle 4s:based; L is the:distance
from the instrument to the radiating object.

With conslderation of the attenuation of the flux in the
medium. and .components of the optical system and keeping in mind
the designations which have been introduced from (10.3), we
obtain the relation which determines the amount of radiation /293
flux which reaches the receiver:

‘dflh‘m,:gﬁ(l) 097 0)dx :ﬁfad;;@aa?g}.)re (1)1, (A]cos; adh, / (10.4)

where tg(A) and to(X) are, respectively, the functions of
spectral transmission of the radiation flux of the optical sys-
tem and the medium,

This relation is often also used in the following form

d®,. =d¢(+) T ()T (Ndr=

|
=Ememyr o (10.5)

The value of the monochromatic radiation flux effective
for a given receiver will be

| d®iger =F M) T T (NS (R)dA. (10.6)

Then, the effective value of the complex radiation flux
which falls on the recelver can be calculated by integrating

321



expression (10.6) for all wavelengths, i.e.,

'I’eff=5 JOEROLN (l)s(l)dl.- | (10.7)

Multiplying and dividing the right side of equality (10.7)

by the same value J'gs(l —’ . wWwe obtain

o

-" | j @ () T'e(l) To (-‘) s{A)dhr
[ o s g
Tet = = b (\)ah.

T T

(10.8)

The relation of the integrals in this expression 1s nothing
but the utilization coefficient of the receiver for actual
radiation with ceonsideratlon of attenuation of the flux by the
medium and .components of the optical system

: gmn%mwahmﬂ ’
‘b= - .

VVJ¢ayn - (10.9)

and the integral §¢OQdk is the total radiation flux of the

object at the entrance of the instrument without consideration
of its attenuation by the medium, i.e.,

{60 dA=0 |

b

With consideratlion of the designations which have been introduced
from (10.8), we have

b

- (10.10)
I e.ff: (g'kr

i¢%==}gﬁap;qb1-2:

where
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We can come to a similar result in a different way. IT
we make the selective attenuation of the flux by the medium -
and the optical system similar to the attenuation of the flux by
a filter which operates together with the radlation receilver,
the relative spectral sensitivity of such a reduced receiver can
be presented in the form

1’5’ (h)=s (}.)t_?(}.) {o (%) | (10.11)

Thus, considering at the entrance to the instrument the flux
unattenuated by the atmosphere which is characterized by the
function ¢(A) for the effective values of the monochromatic and
complex radiation fluxes, we will have, respectively

d0; gre= (1) s () dN

Dop= j g () s (1) (
g ‘
Multiplying and dividing the right side of the last equality by

the quantity [¢doh=cg/ we obtaln
"0 t

O'_.-—'a

& ()5 () |

- Qopr=0y = ‘"*"q)rkf . (10.12)
450-)41

Q-—“l

where the expression for the coefficient of utilization of the
recelver for an actual emitter is written in the usual form, but
after the substitution of the value s'(l) it becomes identical
with (10.9)}.

The second stage of the power calculation consists of the
direct determination of the range of action.

In order to discriminate the signal from the objects against
a background of noises at the output of the instrument, the
effective value of the radiation flux from it should exceed the
effective value of the threshold flux of the recelver by a given /295
number of times m
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or Doe > my, eff |

Cohy>mO by |
(10.13)

where m is the signal-noise relationship; 5.t 1s the threshold
flux of the receiver in accordance with the standard emitter;
kr and kg are the utilization coefficients for the radiation of
an actual and standard source.

The value of the coefficient m depends on the purpose of
the instrument and the problems solved by it. In detection,
for the dependable discrimination of the useful signal from the
noises, m = 5-10 1s taken;- durlng measurements the ‘coefficient
nm reaches 20-50 or more,

From (10.13), we obtain

(10.14)
Considering that &p=1Iw and w = Agn, apl™2, we find
A . R
Lﬁ&@mwﬁztz' (10.15)

Here &g, 18 the threshold flux of the receiver for the ,
radiation of a standard socurce when it is connected into the actubl

" ¢ircult of an electro-eptical instrument.. The value of & ¢ Can be
presented in the general form as 5.

Q =R k(AL (10.16)

where k(Af) 1s a coefficient which considers the change in the
modulation frequency and width of the transmission band of the
amplifier in comparison with the standard measurement conditions.
If the width of the frequency band of the amplifier is 1F‘11 in
comparison with the modulation frequency, then E(Af)Y=

is taken as this coefficient. In those cases where the modula-
tion frequency fy differs from the standard fn, the 1ndicated
coefficient is taken in the form

324



®(Af)= }f_o_ .

Keeping (10.16) in mind, from (10.15) we obtain the relation

L__
l/ mstk(ma

which permits calculating the range of action of the inqtrument
with given parameters of the emitter, medium, and recelver.

(10.17)

For the case where the emitter is a source at an infinite /296
distance, for example, a star, the effective value of radiation
flux 1s determined from the expression

Cep—FAL Lk (10.18)

¥ EE H
where ;E== (Unl is the irradiance created by the - /
star atthe entrance of the instrument; n is the eye's utiliza-

tion ccoefflicient of the radiation of a star having color tempera-
ture T, EL is the illumination created by the star at the entrance
of the instrument.

—13,754
Since E#=10 ** | then
|
, 13'75+"’S—’ /
® S W i v
eee=10 T o A,en.,ap—kr‘ (10.19)

Equating the effective walue of the flux from the emitter
to the effective threshold flux, by analogy (10.14) we wlll have

|
(1) ;
md;; i_k(_:‘.\f)k- .

— P .
énap _laisems . ““{)n‘ (10.20)
' k:r“) 2.5 !

The presented relation provides the opportunity te calcu-
late the area of the instrument's entrance pupil with which the
discrimination of the useful signal agalnst a background of
intrinsic noises of the radiation receiver and the electronic
circult is assured.
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A similar formula can be obtained for the case where the
object 1is projected on a nonradiating background if the requilred
range of action of the instrument is given

4 Lmeens,
- &lap Ta— (10.21)

If the parameters of the instrument including the area of
the entrance pupil are given, in this case we can calculate
the threshold sensitivity of the instrument which is characterized
by the reguired level of irradiance at the instrument - - -
entrance in accordance with the formula

¥ r(af) .
‘ _Jii____s
\ | " (10.22)

Relations (10.17), (10.20), (10. 21), and (10.22) permit
calculating the range of action, required area of the entrance
pupil, and the threshold of irradiance under. conditgons
where the background 1s absent or when its influence can
be neglected.

10.3. Calculation of the Range of Actlon and Threshold Sensi- /297

" tivity with the Influence of a Unifoorm Background

With the influence of a uniform background, the relations
which determine the range of action of the instrument with
given parameters (area of the entrance aperture which assures
the required range of action and threshold irradiance) )
remain basically similar to (10.17), (10.20), (10.21), and (10 22).
However, several differences also appear in them which are caused
by the constant illumination of the recelver as well as by the
presence of some background level on which the emitting object
should be détected.

The presence of constant illumination leads to a worsening
of the threshold sensitivity of the receiver, i.e., to an in-
crease in the threshold flux. With consideration of the influence
of the bhackground, the threshold flux of the receiver @E_t will

be

Y —a k(@)
oy =% (% (10.23)
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where - k(@b) 1s the coefficient which characterizes the
worsening of the threshold flux of the receiver due to constant
background illumination.

The energy brightness of the space surrounding the object
leads to a reduction in contrast as a result of a reduction in
the differential of the energy brightness of the object in com-
parison with the surrounding space.

The amount of constant illumination caused by the flux from
a radiating uniform background can be calculated in the fol-
lowing manner. If the background fills the entire field of view
of the instrument (Fig. 10.2), the radiation flux from each
area element of the background will be

d®, =dIys, : (10.24)

where dIp is the -
luminous intensity of
the background from the
area element.

With small field-
of-yision angles of the
instrument, the solid
angle w which rests on
i the entrance puplil of the
Fig. 10.2. Determination of the a- instrument will be /298
mount of radiation flux of a back- approximately the same
ground which lands in the instrument. for all peints of the

radiating surface of the

background. The back-
ground flux which reaches the instrument is determined from the
expression

=%, (10.25)

where Ip = ApB,, 1s the luminous “intensity of the back<~
ground in the girection of the instrument; By is the
prightness of the background; Ap-is the area of the ‘radiating
background which is limited by the instrument's field of view;
w is the solid angle within whose 1limits the radiation of the
background lands in the Instrument.
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Since w=A L7°, equality (10.25) can be rewritten in

the form €N -ap
'®.—B,.a Aen.ap!
b L]? b™p (10.26)

T

Since fAﬁLazqy, , from (10.26) we have

L —

.‘T’-"‘B s ap“’"J (10.27)

Hence, by analogy with (10.12), we write the expression for
the effective value of radiation flux of the background which
acts on the radiation receiver

bt

eff“q’b‘fb—ﬂbﬁen @mvkb (10.28)

where k;, is the coefficient of utilization of the radlation fflux
of the Background of the radiation recelver,

The background flux which is determined by expressions
(10.27) and (10.28) notoonly influences the worsening of the
threshold flux of the receiver, but it also leads to a change in
the value of the useful signal.

With the presence of the objJect being detected (Fig. 10.3)
in the field of view
of the instrument, a

.f radiation flux will

| arrive at the radia-

I tion recelver which
is the sum of two

‘ components: the

’ radiation flux from

1 the object and the
flux from that portion
of the background

Fig. 10.3. For the derivation of the which is not screened
formula for the range of action with by the object. The
the presence of a radiating background. effective value of the

radiation flux of the

object which arrives
at the radiation recelver and which is determined by relation
(10.12) is written in the form
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T ) !
q’r.equ)rk;& i

The effective value of the background flux, with considera-
tion of screening by the object, will be

e iy .
1q)r.ef Bp“‘aqgﬁkb(‘ﬂxgj—%ﬂ- (10.29)

where wobh 1s the solid angle =subtended by the radiating sur-
face of the object.

The total amount of the effective radiation flux with the /299
Presence of an object in an instrument's fleld of view will be

R N .b - [ s -
Corrr=0p gret Py orp=Dpt At BBAﬁcépwrkﬁ T (10.30)
| — BpAan. ap UgpKp. | '

The electro-optical instrument should now react not to the
total radiation flux of the object, but to its increase over the
level of the hackground flux, which is the-difference

AY eer=orp — Ger, |

or, 1n accordance with (10.30) and (10.28),

' Aq)r.e’f_'f_@?;,kxj— Bb’A.én . apl obkb,‘ (10.31)

Substituting the values ¢y and wep in (10.31) from formulas

‘Dr.—'—--%b‘i and- w _—-_—.fhb |

en.ap ck [?

we obtain

e — ]

L i o —

| AbeieR. b B b (10.32)
| 20y g s IR by Bt
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The last expression determines the effective amount of
excess of radilation flux from the object above the level of flux
of the background.

Formulas (10.17), (10.20), (10.21), and (10.22), from which
the parameters of the electro-optical lnstrument should be
calculated with the presence of a uniform radiating background
in accordance with (10.23) and (10.32), take the form:

In the calculation of the range of action --

Immp%bwd& Qﬁﬁ
¢“Jk(m)k(Af)k ‘. (10.33)

With the calculation of the aréa of the entrance pupil of
the instrument which operates on an emitter at an infinite
distance --

_gf”k(ﬁf)k(%‘ik :
e“hp A (10.34)

In calculating the area of the entrance pupil of the instru- /300
ment which operates on an emitter located at distance L —-

L"ma)“’tk(_».f)k(qb)k ‘-\

U Aenap

o5 r (10.35)
For determining the threshold irradiance at the
entrance to the instrument --
g mEAnE@Rg
* denapky | (10.36)

With vacuum photocells and photomultipliers, the constant
illumination from the background has an effect on the value of
the basic component of the noises -~ the current of the shot
effect. The lncrease of this component is caused by the increase
in the total photocurrent. The background illumination also
has an effect on the increase in radiation noise which, with
high temperatures of the background emitters, becomes comparable
with the shot noise. In this case, the value of the thermil noise
in comparison with the shot and radiation nolse can be disregarded.
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Consideration of the influence of background illumination
on the value of the threshold flux of a vacuum photocell or
Pgotomultiplier 1s accomplished by the calculation of a new value
¢5.¢ with the presence of radlation of the background by the
formula

|
\
|

(10.37)

>

. l
o =]/ [2e (ig + OgSey )+ 8kT,0,5) Af-'
s.t SB'_H-‘-SPQ

where 9y is the radiation flux from the background which falls
on the photocathode; T is the temperature of the background;

k is Boltzmann's constant equal to 1.38-10-23 J K-1; Spy is the
integral sensitivity of the PM to the radiation of the back-
ground; Spc 1s the integral sensitivity of the photocathode of
the PM toward the radiation of the background.

The value of the threshold flux @E.t calculated in this
manner is substituted in formulas (10.33), (10.35), and (10.36)
lnstead of the product &¢s,tk(dy)k(AL). ‘

Consideration of the influence of background illumination
‘on the photoresistor 1s extremely difflicult and the analytical
expressions which permit doing this can be obtained in con-
venient form only in some particular cases. Much more often,
this influence is considered by using the experimentally ob-
tained relations and graphs. Such graphs for some models of
cooled and uncooléd photoresistors are presented in Fig. 10.4,

. . , : In those cases where the
:;j_ : - _{law of change of the resistance
T : ' of a sensitivéclayer under the
influence of an incident
radiation flux is known, con- /301
;8ideration of the influence of
'constant illumination can be
‘accomplished from the change
in integral sensitivity and the
noises of the receiver.

i R R B AR o It 1s known that the sen-

' Effective -irradiance i/ cn? sitivity of the photoresistors
o ' 1s sometimes characterized by
the relative change in their
resistance under the influence
of incident radiation flux
and is determined as

Fig. 10.4. Effect of constant
111umination on the threghold
sensitivity of photoresistors.

331



[ . ARb- t
R (10.38)

where Sp 1s the relative integral sensitivity; Rp is the resis-
tance of the sensitive layer durlng its irradiation by flux ¢;
ARy is the value of the change 1n resistance Ry of the sensi-
tive layer under the influence of the increase A® of the radia-
tion flux.

The typlcal relation Rp = f{¢) has the form presented in
Fig. 10.5) [51]. Curve Rp = (%) can be divided into three
sections. On the first of them, which
corresponds to smzll constant illumina-
tions, function Ry = f(®) is linear and
i1s described by the expression

: ' &’fRT“F‘D!I (10.39)

Rl const where Ry is the dark resistance of the
: ¢ sensitive layer; k is the constant

coefficient (steepness of the charac-

Fig. 10.5. Change in teristic).

resistance of the sen-
sitive-layer of a
photoresistor with a
change 1n the value

of incident radiation
flux.

With an inerease in the value of
constant illumination, function Rp = £(9)
¢can be approximated by the relation

D R=RABOT 15 0y

where B 1s the constant coefficient (for the given photoresistor).

Finally, on the third section Ry is approximately constant,
since a further increase in the value of the incident flux does /302
not lead to a noticeable change in the resistance of the sensi-
tive layer.

Let us examine the method for considering the effect of
constant illumination on the characteristics of a receiver as
appllcable to a sectlion of linear change of resistance,.

With the influence of radiation flux A® on a receiver, the

reslstance of its sensitive layer on the basis of (10.39) will
be
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where kA® = ARy is the change 1n the resistance of the receiver
wlth incldence flux A®.

Substituting the value ARy in (10.38), we obtain

(o

S —Rad b : .
= a7 (10.41)

If a constant flux $p falls on the sensitive layer from the
background, its relative integral sensitivity can be expressed
by the relation

ARy |
e
Substituting here the values of quantities Rp and ARp, we
find
a 1 .
- SRb—E ]

k
TR P
whence, with consideration of (10.41), we have

Sﬂb"'sh (10.42)

In order to determine the voltage sensltivity of the re- 303
ceiver and its change under conditions of constant background
illumination, 1t 1is necessary to proceed from a specific scheme
for connecting the photoresistor. Usually, a load resistor is
connected in series with the recelver from which the signal
goes to the input of the amplifier (Fig. 10.6).

The value of the signal at the input will be

' gt = uRORAD
B .D_<R,+Rg)(R,——km+Rﬂ)'
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Then the integral sensltivity of the photoresistor

e (Re + RQ) (Re + Ry— ka®) " | (10.43)

With small fluxes oA® < Rp, therefore

Sk EROR o RIR:
(10.144)

TR ReARY O (ReARY

With considerable constant illuminations (at the end of the
linear section) we have

_ u Ry kAD
A R T R :
T Ry} (R, + Ry — kAT)

Under these conditions, the integral sensitivity will be

5 Ry -+ RD (Ry+ R 608) |

or

b_tas_ g - urgR,

'_Atb“SR(&;&RR)(RH-}-RL.—MQ)'-‘ (10.45)

If kAd < Rp, then

sh—s, oRR:
- R R+ Ry (10.46)

We find the nature of change of the integral sensitivity
by taking the relation of expressions (10.46) and (10.44)

,f f_b_: (Rr+9-2=5P |
: 5 | (R,-ljRg}ﬂ ‘|

after a few simple transformations, we obtain
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=sli-mimf-slossigil o

This relation shows that with an
| increase in constant illumination,
even on the section of linear change
in the resistance, the integral sensi-
tivity of the photoresistor drops.

|

| “eflns

! ' Along with the change in integral /304
| sensitivity with illumination, the level

i “ME-- of the intrinsic noises of the photo-

. . . resistor alsc changes. In Section 4.4
Fig. 10.6. Diagram of it was shown that the current noise of
the connection of a the receiver is determined by the
photoresistor to the expression

input of an amplifier.

= AR 2L, }
‘ 7

The value of the current i1 which flows through an 3irradia-
ted receiver (see 10.6) will be

/3

Ry + R‘Q,’

and with the presence of illumination, the current will be
altered by the relation

F t

fb:R,-&-Rgl-—kdb . l

ef £

Then the relation of the mean squares of the current noise
with the presence of background illumination-and with its
absence will be found as

T ARASF @ - (r gy
2 (Ry + Ry °

'[3_ AlAf f° i?
i

whence, expanding the denominator, we have
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T — : (10.48)

Considering (10.41), relatlon (10.48) can be rewritten in
the form

7 1 !
= _ R v | (10.48a)
i - 2
(] Szd R1+-R,]1) :
On the basis of (10.47), we obtaln
dp_ S . wm_pS.
_l? d;; Orl_ i Sb-ll (10.49)

Since, with an increase in background illumination, integral
sensitivity Sb drops, consequently, the current noises will
increase.

Proceedling analogously, we find the value of thermal nolse
with the presence of a constant background illumination. The
dispersion of the current of thermal noise on the photoresistor
is described by the relation (4.52)

DR=4LTRAS.

Hence, it can be seen that with 1llumlnation the thermal /305
noise changes as a result of the change in resistance of the
sensitive layer which, in the absence of irradiation, equals
Rr and, with the presence of a constant Dbackground illumination,

R, = Bp - k¢. Naturally, the relation of the dispersions of
;g%_current of thermal noise of a photoresistor not irradiated.
in“and irradiated 1ipcp will be determined by the relation of
tEe corresponding resistors Rp and Ry, i.e.,

e T i

5 R Rt (10.50)
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From (10.50) and (10.41), we have

e

;2
T,

! b _- I i .
Pl 1=sze ] (10.51)
Whence, considering (10.42), we find
- = SR
=0 b (10.52)
v T SRA

In those cases where the values of the relative integral
sensitivities are unknown, for the determination of i% B we can

use the relation (10.51) in which Sy 1s expressed from (10.44),
then

T eRR— SUR+ R

i
!

‘:'{E _p #RR
i (10.53)

With the presence of constant background 11llumination,
considerable values can be attained by the radilation noises
which are caused by the fluctuations in the flux from the back-
ground and are described by the relation

292 = 16KT O A S. S

The change in the level of intrinsic noises of the recelver
and its integral sensitlvity under the action of background
illumination leads to a change in the threshold flux. It is
rather difficult to obtain a convenlent expressilon for cal-
culating coefficient k(%) in general form. It is simpler to
calculate the value of the threshold flux of the receiver under
new conditions from the formula

{ (Dg,t:‘ps.iik(@)= P jb R&,

(10.54)

in which it is necessary to place the following noises igb and
the integral sensitivity calculated for the conditions of constant

background illumination.
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If one of the types of noise is predomlnant, then under /306
such conditions analytical relations may be obtained.

Thus, for example, if current noise is the main one, the
relation which determines the threshold flux will be

®5 yfﬁg i
¥ ib p. |
st gh | (10.55)

|

D

Substituting here the value i%b from (10.49) and mulfiplying
and dividing the right side by the value S, we find

. e |
ob_VES R Vs/sb
s.t S L7 ¢b T
Whernice, we obtain
i
P S\
=T t(':s."b” . (10.56)

Thus, 1f the current necilse 1s the main one, the coefficient
k(9p), applicable to the scheme under consideration, equals

: kilpb)f;(;fr)“}". (10.57)

From this expression, wilth consideraticon of (10.47) and
(10.44), we can also obtain another entry k(®);:

- ) 1 .

o RQ' (10-573)

Similarly, for the case of the predominance of thermal
nolse, we obtain

3 5
: ; _. S Ry (
. HO=-F l/s,, |

or
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R (D), = —
"k( ) —55-]/_:;1:—&] (10.58)

The last expression can be presented in the form of a
dependence on .the parameters of the éonnection scheme. For
this, we find the ratio S/SP from (10.47) and the value Sy from
(10.44); then, after substituting them in (10.58), we obtain

R{O) = ].;ﬂ“gz,? ] — DS (Re+ R)? _l,! 10.58a)
uRQ; uRQ,;R, ( : (

Knowling the predominant type of noises in'the case under
consideration, we find the corresponding coefficient k(®) from
formulas (10.57) and (10.57a) or (10.58) and (10.58a). We use
the found values of k(®) in calculating one of the parameters
?f thg)instrument using relations (10.33), (10.34), (10.35), and

10.36).

If the current and thermal noises are comparable with each
other, then having used relation (10.54), we can calculate a
new value of the threshold flux of the receiver with background
1llumination, 1i.e., the product 9P = ock(¢e).

Naturally, the value of the background illumination should
be calculated according to relation (10.27) and taken as 8P is
the integral sensitivity of the receiver for the radiation of

the background being considered. ,

The relations which have been presented are wvalid as
applicable to the connection scheme presented in Fig. 10.6.
With other schemes for connection, the methed of approach to the
determination of k(&) 1s retained, but the relations will be
somewhat different.

The value of the coefficient k(f) can be determined in the
following manner. In general, we will assume that an instrument
is being considered which assures the scanning of space within
limits of the solld angle wge by the instantaneous field of view
Wy during time Ty.

The overall number of elements in the scanning zone which
are scanned by the Instantaneous field of vlew will be
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If the angles w do not exceed 1lsr in value, then with
sufficient precision, the transition from solid angles to plane
angles with axisymmetrical fields may be accomplished in ac-
cordance with the relation

i

L o=-22WY, |

where 2W is the plane angle at the apex of the solid angle in rad.

With uniform distribution of time T, on the scanning of all

elements of the sweep Ng, one element is scanned durlng time
Ate, determined from the expression

. --Tr
"A’G-”Ne\

iy

whence, after the substltution of Ng

7 Tt

@y Wy

2 K *
(@¥sd Wic

o

Me=T (10.59)

The lower limit of the transmission band Af -~ fy of the
amplifier should assure the passage of the first harmonic and
is defermined from the expression

i L Ny (10.60)

'

The upper 1limit of the transmlssion band f, depends on the
duration of the pulse received from an element of the sweep and
the degree of conformance of the optical and electrical signals.
The value f|; can be calculated using the relation

ky i

vl (10.61):

.l fu:-:-‘

where kj = 0.5-2 is the ccefficient whieh characterizes the
agreement of the shape of the input and output signals of the
electronic circuit. Substituting in the last expression the
value At, from (10.59), we obtain
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£ kW2 O
ronw ' (10.62)

If the scanning of zone wge 18 accomplished by the instan-
taneous fleld of view wy with some overlap mg, it 1is equivalent
elther to an increase in the scanning zone by this value or to
a reductiébn in the instantaneous field of view whilch is caused
by an increase in the sweep elements in the scanning zone to the
value '

Ne=(1+m )52 (10.63)
then
W2
Af=;l"[\______“7‘_5__1 :
. 4+ m) Vs - (10.64)
P k(14 m) WL, ‘
u- 2 )
Wy (10.65)
The width of the transmissién band will be
Af=tuTs | e
1 k,W"’rr‘, | | ‘Af”—.l_ ka?..'(l-g-mCQ' '
A= | =R fand A= s T e [ (10.66)
v . . v i
In the majority of cases, the one can be disregarded and
then

: B2 | ”k 1 uﬂ
Af=—1"=sc R+ my e
, b T.‘W%. , and Af = - wa‘g c_ . (10.67)

- In instruments with modulation of the radiation flux, the
width of the transmission band 1s determined by the resonance
characteristic of the filter tuned to the freguency of the first
harmonic. The narrower the band Af, the less the noise and the
better the threshold sensitivity.

The coefficient k(Af) is determined from the known width
of the transmission band Af.
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10.4, cCalculation of the Range of Action and Threshold Sensi-

When.the background on which an observed object is pro-
Jected is not uniform, this is equivalent to the influence of a
fluctuating radiation flux of illumination on the receiver, This
flux can be presented as the sum of two components: the constant
¢8 and the variable A®P:

oR—ob fa0b] - (10.68)

The first component causes a worsenling of sensitivity, and
the second participates directly in the formation of the
interference signal.

In this case, the meansquare value of the interference sig-
nal (noise signal) will be determined by the relation

8

ST | "\ P — 1\ :

'V %ﬁ]/Z t}b_rJrA‘I’g-(Sg—:}?) R ‘ (10.°°69)
_ - : e
where &25’%} is the mean square of the infernal nolses of the

receiver with consideration of the effect of constant illumina-

: : [

. — by 3 -

tion; AQ%(Sgig)i is the mean square value of the external
neise (intefferegce signal caused by fluctuatlons of background
1llumination); S§ is the integral sensitivity of the receiver
with respect'to emission of a standard source with-the presence of
background illuminatlion; kg and ky are the coefficients of'utiliza-
tion of the receiver with respect to 'emission of a standard source
and background.

Then the threshold flux of the eslectro~opbtical instrument
with consideration of (10.69) on the basis«of (4.19) will be
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RATET L
st P B J (10.70)
. e _

If the components of the internal and external noises are
comparable with each other, the threshold flux of the recelver
is calculated from formula (10,72) and it is used 1In the
determination of the range of action, threshold sensitivity, or
other characteristics of the instrument.

Carrying the first component from under the radical, we /310
obtain '
| /‘T . e b, 2
qxb___] ‘}bl/>1+__'&}l__(§.$_f;b)__
.t s}i gz ‘}b (10.71)

whence, considering (10.55), we have

== |
'-%?t=@§ft]/l+ AQQ(SS’&D.‘ e (10.72)

where @Q_t is the threshold flux of the instrument according to
a standard emitter with the presence of constant background
illumination.

In formula (10.72), the multipller in the form of a radical
considers the worsening of threshold sensitivity due to fluctua-
tions in background radiation. In thils, the value of @Eot for
photoemission devices 18 found from formula (L.75),. "7~ 777
for photomultipliers, from expressions (10.37), and
finally, for photoresistors, from one of the relations

(10.56) or (10.58).

If the components caused by the internal and éxtérnal'b
noises are comparable with each other, the threshold flux &g ¢
is calculated from formulas (10.70) and (10.72).

In those cases where the component due to external noise
(second term in radicands) is considerably less than the compo-
‘nent caused by internal noises, the threshold flux is calculated
by the method which conslders only the effect of constant il-
lumination (see Section 10.3).
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If external nolses prevail, i.e., the second term in the
radicands of the relations (10.71) or (10.72) are considerably
greater than unity, the value of fluctuations of flux from the
background is taken as the threshold flux.

It is obvious that, in this case, for the dependable dis-
crimination of the useful signal from the fluctuation infer-
ference of the background, it 1s necessary to attain an excess
of the signal above the 1Interference level such that

Pp ofF= mﬁq’léff

Substitut%ng here the values of &, err from (10.10) and
determining Adgrp, as

_ Atbgfgf_ngfbf:, } (10.73)

where n is the depth of modulation of the radiation flux from
the background, with consideration of (10.28), we obtain

/ 1;2-5kf:méd)gff:meAen.'apkabn' \

(10.7%)
whence we find /311
L " (10.75)
‘b mewW ‘i

From this formula, it can be seen that the range of action
of the instrument depends only on the relationship of the luxes
from the object and background and does not depend on the: area
of the instrument's entrance pupil. Therefore, by the value Lp
here we should understand the greatest distance beginning from
which the signal from the object becomes a given number of times
greater than the 3ignals caused by the nonuniformitles of the
energy brightness of the background.

The effective value of the flux from the background on the
recelver by analogy with (10.28) is expressed by the relation
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b .
L b
eff =@ |
™ . o ) i %
ojgﬁbmrem:oms(lm
kﬁ“ Py is the coefficient of
gﬁﬁﬂ)ﬂ

where

v o

utilizétién'of the receiver for radiation of the background.

The flux from the background, reduced for effectiveness of
influence on the recelver to the radiation of a standard source,
will be

& =¢,@_*3\
yYeC B
. . s

or, with consideration of (10.27), we obtain
(10.76)

The value of QEec calculated from this relationship is
substituted in the formulas which consider the influence of con-
stant 1llumination on the characteristics of the receiver.

If the observed object 1s projected on a nonuniformly
radiating background, the threshold flux and sensitivity of the
electroc-optical instrument are calculated by 'formulas  (10.33)
(10.34), (10.35), and (10.36), which consider the effect of
constant illumination. In this, we first determine the value of
the constant component of the flux from the background on the
input of the radiation receiver Qrgc from which the calculation
of either the coefficient k(¢) or new values of & and S are
also conducted. If the fluctuations of flux from the background
have a low-frequency character, consideration of the effect of
background illumination :on the parameters of the equipment is
conducted according to the maximum value of the flux from the
background which falls in the instrument.

With comparatively high-frequency fluctuations of the radia-
tion flux caused by the nonuniformities of the background,
besides the worsening of the sensitivity of the receiver, it is /312
st111 necessary to consider the interference signals caused by
the heterogeneities of the background.

If the differentials of the radiation flux from the back-~

ground cause signals on the output of the instrument which are
comparable with the noise level, the calculation of the
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threshold sensitivity of the instrument is conducted with
consideration of this interference component.

Thus, in order to obtaln an answer about the true range of
action of the instrument which is operating under conditions of
a nonuniform radiating background, it is necessary to find the
relationship between the effective values of the actual threshold
flux of the receiver and the increase 1n flux from the background,
l.e., between o5 ¢k(Af)k(®)kg and Adpky, or to calculate the
range of action from formulas (10.33) and (10.75). 1In the filrst
case, 1if ‘

30> D A (/)R (@) |

then the true range is the range calculated from formula (10.75).
In the calculation of range by expressions (10.33) and (10.75),
the smallest of them is taken as the true range-of action.

With the necessity._to assure the maximum range of actlon
limited only by the parameters of the radiation receiver, the
attempt 1s made to reduce the value of the varlable component
of the radiation flux from the background to such a degree that
it becomes less than the threshold flux of the instrument. As 1s
clear from expression (10.75), this can be achieved only with a
reduction in the dimensions of the instantaneous field of view
of the instrument (1f the background fills the entire field of
view). The maximum allowable value of the instantaneous field
of view 1s found with the Jolnt solution of relations (10.33)
and (10.75)

[— /F4ﬁ&w@%ﬁf-4ﬁ9:!
1’ RIRLICH IO A

— "&Fr‘_ﬂo}a
_.Lb_ mByo sy i

the first of which determines the maximum range of action .and
the second, the minimum.

Squaring the right sides of the indicated relations and

equating them to each other, we find the maximum allowable value
of the instantanecus field of view, which will equal
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Aen. iy (1 - %

@y

) ' / (10..77)

H

In those cases where Bykp < Bopkp, expression (10.77) is

simplified somewhat and takes the form :

1 -.
. @J;_k(ank(@)ks_,_.

< TR
¥ R ap P _ - (10.78)

Inasmuch as coefficlent k(&) depends on the value of the /313
radiation flux from the background which falls on the receiver,
the calculations of the allowable solid angle of the field of
view is conducted in two or three procedures. In the first
procedure, the value of k(®) is taken as equal to 1 and the
first approximation wl is found. Then, with consideration of
this value, we calculate the value of the radiation’ flux of
constant 1llumination from which either the coefficient k(9)
or a new value of fhe threshold flux of the recelver under condi-
tions ?f illumination by a constant background, i.e., the pro-
duct QS} k(¢} 1s determined. After this, we calculate the
refined value of the maximum allowable solid angle of the field
of view of the instrument (second approximation). This value
is extremely close to the true value.

i

The greatest difficulty is caused by calculating the funetion
$..eff = £(®) or, what is the same thing, the functions
dp. eff = f(w) or Op erfr = £{(W). To construct this function, we
calculate several values of O¢p eff from formula (10.54) or (10.37)
which correspond to the minimum possible, maximum, and two
intermediate values of w from which the desired relation is also
constructed.

The graphs of the functions constructed in Fig. 10.7 permit
the extremely simple determination of the range of action of the
instrument. Let us assume that the field-of-vision angle of the
instrument is Wy. For receiver 1, &, erf < A®Rpp(w1), and for
receiver 2 %n efe > AQfo(wl)._ Therefore, the range of action
of the instrument with the use of receiver 1 is limited by the
radiation of the background, the effective value of the flux /314
from which will be a given number of times less on the range Lj.~
from the objJect. The order in finding this range is shown on
the graph by the dotted line with arrows. Inasmuch as with the
second receiver 9, orf > Qbff(wi), the range of action of the
instrument is determined fPom the intersection of the graphs of
the functions $erp = £(L) and 9, crr = () and equals Lq'.
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If the instantaneous

- Lﬂh . 4 . fileld of view of the
1 1 i ’/””’ﬁﬁf,,—’ . initrum?nzhistE igd the
: ‘ - value o e function
fq]"-'-efff@’"/f’mb-efff@) A$Bep(Ws), which corres-
' @ ] | ponds to it, exceeds the
; - P effective values of the
; cg.;eff-f(q)) threshold fluxes
: ' ¢ r,eff(w2) of both re-
| O @ee=fl) . . . ] ceviers, the range of
| . 4t ' action of the instrument
ﬁ | 1 - ' is determined by the flux
f P e from the background and
; T t— : o equals L. The order for
: L finding 1t on the graph

Fig. 10.7. Nomogram for determining 1s shown by the solid

the range-of action and allowable line with the arrows.
size of the instantaneous field of
view of the instrument. * Finally, with small

fields of view, for ex-

ample W,, when A®D.. is
less than the effective values .of the threshold fluxes of goth
receivers, the range of action depends only on the characteristics
of the receivers. The instrument's range of action with the
employment of receivers l:and 2 is found from the intersection
of the function %.rr = £(L) with the functlon ¢n effr = f(2) of both-
receivers. As applicable to the graph which has been presented,
the indicated ranges prove to be equal to L3 and Li+, respectlvely.

As a result of the relative difflculty in calculating the
range of action and the threshold sensitivity of electro-optical
equipment wilith conslderatlon of the effect of a constant back-
ground 1llumination and fluctuations of the background, it is
more convenlent sometimes to use the nomogram method for
determining the required parameters of electro-optical. equlpment.
The essence of thls method consists of the following.

For the selected radiation receiver, we calculate the
relations ¢gpp = £(L), A@bf = f{w) and %p err = £(3) = f(w)
from formulas (10.10), (l%.%ﬂ), and (10.54), respectively, and
construct them on the graph (Fig. 10.7). The value of the solid
angle of the field of view which determines the constant back-
ground 1llumination ¢28. and the variable component of the
background illumination Aégff are lald off on this graph along
the abscissa. The wvalueg of the effectlive quantities of fluxes
from the object, background, and threshold flux of the instrument
are lald off along the ordinate. The distance to the radiation
source 1is 1laid off along the second abscissa. Calculationof the
functions ®gpp = (L) and AGRrp = f(w) causes no special
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difficulties, since the first of them expresses the quadratic
dependence on L. For l1ts construetion, it 1s sufficient to cal-
culate one value of ¢ofrr and, changing it proportionally to the
Square of the change of value (L/Ly), construct the desired
function ®err(L) = 8.pp(Ly)(L/L1)2.

Inasmuch as the second function A®Rpr = w, then calculating
one value of A¢§f£ which corresponds to the solld angle wj, the = /315
¢

current value o gff i1s calculated from the formula

.bl' (;W 2 0} 2 !
AV} AT ()2 | (10.79)

If the field of view 1s given not by the solid angle w but
by a plane angle 2W, then, with consideration of the connection
between these angles with small values of the angles w = WE,
the current values of A@Eff are determined from the expression

;aclélgf (W)=2a92_ () (-g;-)’: (10.80)

With the use of the nomogram which has been considerd, we
can also solve the inverse problem: to determine the maximum
allowable value of the instantaneous field of view of the
instrument with which the requlired range of action is assured
or the range of action depends only on the parameters of the
receiver.

10.5. Calculation of the Threshold Sensitivity of Instruments

The problem of the calculation of threshold sensitivity
arises in the calculation of instruments intended for the
detectlon of ground objects from their infrared radiation, for
making thermal charts of the terrain, and also in calculating
electro=optical resolvers 0f the local vertical which operate from
the intrinsic infrared radiation of the earth's surface and the
atmosphere. :

In this case, the value of the useful radiation flux on the
input of the instrument without consideration of attenuation by
the medium ., 1s calculated by formula (10.27) and for
determination of the effective value of radiation flux on the
radiation recelver, we use the expression
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where I o0 . is the utilization co-
gbahﬂ

efficient of radiation by the recediver.

To discriminate the operating signal, 1t 1s necessary to
assure the excess of the effective value of operating flux over
the effective threshold flux of the receiver by a given number of
times on the strength of the allowable probability of a false /316
alarm, l.e., 1t 1s necessary to satisfy condition (10.13) where

.. == {1} “
Cesr= L AN R,

Solving equatlon (10.13) together with (10.27), we obtain
the relation for the calculation of the minimum allowable areg
of the entrance pupil of the instrument

ma!E (Af) k
A wobBgkr 1 (10.82)

Sometimes, to increase the sensitivity of the instrument,
the necesslty arises to obtaln operating signals with requlred
amplitude not with complete but with the partial filling of the
field of view of the instrument. If we designate the coefficient
of filling by mgi1 (mei1 < 1), the new value of the solid angle
with which condition (10.1I3) should be satisfied will be

Oy= M ein %

and formula (10.82) for the calculation of the minimum allowable
area of the entrance pupil will take the form

AL

Aenag} mfﬁ”?rfgfjkf;: | (10.83)
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Relations (10.82) and (10%.83) are applicable in determining
the parameters of the instrument in the change from nonradiation
to radiating underlying surfaces. Such cases occur, for example,
in resolvers of the local vertical when the scanning instan-
taneous fleld of view of the instrument crosses the space-earth
surfagce boundary.

If the problem arises of discriminating more heated sections
of the surface against a background of less heated surfaces,'i.e.,
with the presence of a constant component, then the calculation
formulas, naturally, should be modified somewhat.

For simplicity of argument, we will assume that at one
moment in time the entire field of view is directed at a less
heated surface, and at another at the more heated surface. Then

O o £~ AdnagheB rihy2 (10.84)
- Tets z%f‘fapu’vfgr. s ) |

The instrument should assure the generation of a signal
which is caused by the increase in the effective value of the
radiation flux with the transfer from one sector to another, i.e.,
it should discover the 1Increase in radiation flux

et T aeer Tt ey B A= Bridi) | (14 )

9

In this, the minimum of these fluxes, in this case ¢pn_err, /317
plays the reole of constant illumination whose influence is
expressed in the worsening of the threshold flux of the receiver.
With consideration of this worsening, the effective value of the
threshold flux of the recelver should be taken by analogy with
(10. 23) as equal to

‘Pr:eff=¢’;,tk(ﬁf)kr’5(“’r)- E (10.86)

Further, proceeding as in the preceding case, we achieve
satisfactlon of the condition

LA S me,
, rad,eff/ r.eff )
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Whence, with consideration of (10.85) and (10.86), we find

' ‘ S
S my DR (AF) ok (B,) |
enap  w,(By fp,— By k) |

(10.87)

We note that the most difficult conditions for the operation
of eauivment of this type are in the detectlon of small '
dgififerentials of energy brightness with. comparatively high. -
brightness levels. As an example, let us consider the case where
the underlying surface 1s a gray emitter, in which regard the
coefficients of blackness of two adjacent sectors equal each
other, i.e., €2 = g7 = €,
eaT4
I

Then, using relation B= , the expression standing .

in the parentheses of the denominator of relation (10.87) is
presented in the form

n

. . . s - ‘
B -r,er,—* B I‘lk-rx == (Tgkr lﬂ-T:k'r"). f

Assuming that T, = Ty + AT, where AT << Tl, we find

“ Brkr,— By by, = 0; [(T1+ a7yt kr-" - 7’?"1:-] ' ‘

P

(10.88)

For the assumption (AT << T3) accepted with sufficient
precision, it can be considered that

Then, carryling k, out of the parentheses, after simple conversions,
ignoring the last terms of the expansilon, from (10.88), we obtain

B _I.",’i'rh_ ‘B'rlkr: n= ;: & r(4TiAT+6FAT‘), l

whence
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eTeT (145 o)L (10.89)

4deg
I

ank L Br’|kr-l =

If we consider that AT dces not exceed O.USTl,.then ignoring -

the second term, we have

_a (10.90)
Substituting the obtained value in (10.87), we find
m{ (3 1) kK (@%) - '
S. L i o '
Aen EP:;} m‘”;\!B-err"MT T (10 . 91)

-

Formula (10.91) shows that the smaller the recorded tempera-
ture differential, the larger the minimum allowable area of the
entrance aperture.

On the other hand, the higher the temperature of the radia-

ting surface, the greater the value of constant illumination
bp 1 and the stronger the increase 1n the thresheold flux of the

recelver.

We note that the values of coefficients k(Af) and k(2,4 )
which consider the change in threshold sensitivity of the
receiver which is operating in a specific scheme of connection
and under specific conditions are calculated from the formulas
of Section 10.3.
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CHAPTER 11. CALCULATTION OF THE CHARACTERISTICS OF TRANSPARENCY
OF THE ATMOSPHERE

11.1. A Method for Determining the Coefficients of Transparency
of the Atmosphere for Monochromatic and Complex Radiations

In Chapter 2 it was shown that with propagation in the atmos-
bPhere radiation flux 1s attenuated both due to scattering on
molecules of gases and particles and due to absorption by various
components of the atmosphere. Inasmuch as radiation flux is atten-
uated selectively, we will determine the transparency of the atmos-
Phere for monochromatic radiation.

Sinece the basic components of the attenuation of radiation
flux in the atmosphere are known (see Section 2.4) on the basis
of (2.13), we can write the following formula for calculating
spectral transparency of the atmosphere

(11.1)

=

0= 1 ) 11 =i ()7 (0%, Do, T, Vo, |
_ |

where Tscl(k) and Tscg(l) are the coefficients of transmission of

a monochromatic radiation flux by the atmosphere with considera-
tion of attenuation due to molecular Tscl(l) and aerosol TSCE(A)

scatter; Tt(A)HEO is the coefficient of transmission of a mono- /319

chromatic radiation flux by the atmosphere with consideration of
attenuation due only to the absorption of radiation by water vapor;
Tt(l)coz and Tt(k)o3 are the same coefficients but with considera-

tion of attenuation due to absorption by carbon dioxide and ozone,
respectively.

The value of coefficient Tscl(k) which determines the Rayleigh
scatter on molecules of gases is calculated by the formula

o (11.2)

)=

where ug:—l ())= 32n2 (n— ]}L
) JAM | (11 . 3 )

is the attenuation factor due to scatter; N = 2.9-1019 cm—3 is
the density of the air with normal pressure, expressed by the
particles in one em3; n = 1.0003 is the refractive index of the air.
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The values of the attenuation factor dscl(A) calculated

from formulas (11.3) and (11.2) for various wavelengths and the
coefficients of transmission of a monochreomatic radiatlon flux
by the atmosphere with different ranges which correspond to them
are presented in Table 11.1.

TABLE 11.1. ATTENUATION FACTORS AND COEFFICIENTS OF
TRANSMISSION OF MONOCHROMATIC RADIATION FLUX BY THE
ATMOSPHERE WITH MOLECULAR SCATTER.

i ' Um 0,35 | 0.55 0,75 1,0 1,2 3.0 | 50 1
'1‘ Use l}._ (1. k=1 731079 12,3105 3.30-10-5i1.09-10"3;5.2;:.10—‘|1.33-1n-5 1.73-10°€

! Tseloy: £e10 xu 0.45 0.8 .97 f 0.99 1.0 l 1.0 l 1.0
J Tgelft): L=40 K 0.04 0,74 0,855 I 0.95. . ] 0,99 1.0 ! 1,0 }
;oo - |

From the table it can be seen that in the visible region of
the spectrum molecular scattering 1is sufficiently great, reduces
transparency substantially, and should be consldered in calecula-
tions. At the same time, losses to molecular scatter in the
infrared region of the spectrum can be ignored since they are
small.

Transmission eccefficlent T (x), which considers losses to

sc2
aerosol scatter alone, can be calculated from & formula similar
to (11.2)

T (V) = e %gc2 (AL (11.4)

However, in order to calculate the values of coefficient /320
ascz(l) necessary in this case, 1t is necessary to know the number,

dimensions, and composition of the substance of the aerosol particle
on which the scattering of the radiation occurs, ~Moreover, single
relations for the calculatlion of values asc2(l) applicable to

various particles do not exist. All this causes great difficulties
and practically excludes the analytical mefhod of determining
gransmission coefficients T, ,(A).

Most accessible 1s the method of determining the transmission
factor 1 (A) = 14,1 (A)15,p(R) (withconslderation of total attenua-

tion of radiation due to molecular and aerosol scatter) based on
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| ﬁ_
t the use of data on the meteoro-
r logical range of visibility L ..
Ly A certain connection exists
o between TSC(A) and the meteoro-
' logical range of visibility Lvis
T which is also extended to the
I- , - - infrared region of the spectrum.
K ’ : $ 4 The values of coefficients Tt ,(R)
Fig. 11.1. Change in coeffi. . depending on L., are presented
cient TSC(A) depending on . in Fig. 11.1. The indicated graphs

were constructed for the case-
where the distance Lg between the
object and the receiver is 1.85 km
with a thickness of the layer of
precipltated water vapor w = 17 mm. If the real range L differs
from Ly = 1.85 km, the value of the transmission coefficient 1s
determined by recalculation using Bouguer's law

‘meteorological range of
visibility.

Téd(kj = [f%%)(k)]L - [Tzc(l)l/l'stL _

e (11.5)
(e (ayhe®?

where TSC(A) 1s the ccefficient of transmission of a monoigﬁomatic
radiation flux by a layer of the atmosphere L km thick; Teo (A) 1is
the coefficient of transmission of a monochromatic flux by a laver
of the atmosphere of unit thickness; T:c{A) is the value of the
transmission coefficient of a moncchromatic radiaftion flux read
from the graph.

We will show the use of formula (11.5) by an example. Assume
it is required to determine the atmosphere's passage of a mono-
chromatic flux with wavelength A = 1.25 ym with meteorologilcal
range of visibllity Lvis = 10.2 km 1f the distance between the /321
emitter and the receiver 1s L = 5.5 km.

lBy meteorological range of visibility Lyig» We mean the greatest

range of visibility, during the day, of dark objects with angular
dimensiong exceeding 9-10-3 rad. .and projecting on the background
of the sky at the horizon.
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For radiation with wavelength A = 1.25 um with LVis = 10.2 kmnm,
from the graph (see Fig. 11.1) we find T (k) = 0.6. Next, using
Bouguer's law, we determine the transm1551on coefficient Tél)(h)
with L = 1 km:

1/1.85 _ , (I.B5

t 700 = <2 (0 = 1,25 um)

L
Inasmuch as TSC(A) = [Téi)(k)]L = [T:c(k)]l' 5, with L = 5.5 km,

we have

COI 0.62:5/1.85 _ 516

The value of the coefficient of transmission of radiatiocn
flux by the atmosphere is affected by the amount of water vapor
in the path of propagaticon of the radiation. If under real
conditions the thickness of the layer of precipitated water vapor
w differs from wg = 17 mm, with which the graphs are constructed,
this difference is considered with a special factor

TSC.HZO = 0.998~ (Wg=W) _ ( ggg~{(17-w)

Then the formula for the change from coefficlent t:C(A) found

graphically (see Fig. 11.1) to the real coefficient TSC(K) will
have the appearance

v (M) =[S, (1)1/185.0, 9987 (1T-W) (11.6)

The coefficients of transmission of a monochromatic radiation flux
by the atmosphere wilth consideration of attenuation of the radia-
tion due to absorption by water vapor [Tab(A)HEO] and carbon

dioxide [Tab(l)coej can be determined from Tables 6 and 7 of the

Appendix where the values of the 1ndicated coefficients for varlous
wavelengths are presented. However, for this in one case it is
necessary to know the effective thickness of the layer of pre-
cilpitated water vapor in the path of propagation of the radiation
flux, and in the other -- the thickness of the layer of air reduced
to the ground layer.
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11.2. caleulation of the Quantity of Water Vapor on Horizontal,
Sloping, and Vertical Paths

If the absolute humidity2 mgy at the earth's surface is known,
the overall amount of water vapor in a column of atmosphere with
thickness L and resting on area A can be determined from the
formula

m = mOA

If all the water vapor locafted in the column is concentrated, /322
the volume it occupies will be

_ MOLA ’\
-__d—’ .

“ . i

where d 1s the specific density of the water.

Hernce, the thickness of the layer of preclpitated water

S
A 4

1
T = !
|

3

Since the values which go into the formula have different
dimensionalities: mg (g/m3), d (g/cm3) and L (km), after their
agreement, we obtain

W = WOL (11.7)

Here w is the thickness of a layer of preciplitated water wvapor in
mm in a layer of the atmosphere with thickness L; wp is the specific
thickness of a layer of precipitated water vapor in mm/km numeri-
cally equal to the value of absolute humidity mj.

In those cases where the absolute humidity is unknown, the
amount of precipitated water can be calculated from the formula

2Absolute humidity my is calculated from the formula mg =

= Mogay %%U , g/m3 where Mpggy 18 the absolute humidity with air
temperature K; and f is the relative humidity.
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r (11.8)

where my is the normal absolute humidity at the earth's surface;
and T is the absolute air temperature.

Relations (11.7) and (11.8) are applicable for the calcula-
tion of the thickness of the layer of precipitated water vapor
on horizontal paths near the ground.

With the necessity to determine the thickness of a layer of
precipitated water vapor on horizontal paths at altitude H above
the earth's surface, the distribution of humidity with altifude
should be considered which, for a standard atmesphere, follows
the law

&n:;}i:.mog-—sff‘ (11.9)

where my is the absolute humidity at altitude H; 8 = 0.45 km™1 1is

a coefficient which characterizes the change in humidity with
altitude.

Sometimes relation (11.5) is presented in the form

10-H/5 (11.9a)

My = Mg*

Both these formulas are identical, and are easlly converted

one to the other, and can be used absolutely equally in calcula-
tions of absolute humidity aloft.

Considering (11.7), by analogy with (11.9), we write the /323

expression for the thickness of a layer of saturated water vapor
on a horizontal path at altitude H:

wy = woe AT (11.10)
Furthermore, we should also consider a reduction in the
absorptivity of water vapor with altitude, which is described by
relation (2.15). Substituting (11.10) in (2.15), we obtain the
formula which determines the effectlve thickness of a layer of
precipitated water vapor in the path of propagatlon of radiation

flux on a horizontal path at altitude H above the earth's surface:

wﬁff -
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Fig. 11.2. For the determinatilon
of the effective thickness of a
layer of absorbing substance in
the path of propagation of radia-~
tion (sloping path).

eff _
W

dwy v

where h =

e—0.515uhdl

or, substituting the value
B = 0.45, we have

eff
Wy = W,
The effective thick-
ness of precipitated water
vapor on sloping paths 1n the
atmosphere can be calculated
in the folleowing manner.

o~0-5150H (11.11)

On the basis of (11.11)},
the effective thickness of a
layer of precipitated water

vapor in an elemental layer of

the atmosphere di (Fig. 11.2)
located at altitude H will be

(11.12)

1 cos vy is the current value of altitude; v 1s the angle

between the normal to the earth's surface and the direction of

propagation of the radiation.

Then the general effective thickness of the layer of pre-
cipitated water vapor in the atmosphere on a sloping path without
consideration of the curvature of the earth's surface is found by

integrating expression (11.12)

g
weff :wns e—Q.EISlIcos1d[=.m0 .
=

—UBISIH: OIS,

(11.13)

0.5154 cos 1
“ [
If Hy = 0, then /324
~0,5154 5 !
eff —q Az
w i ®o 0.5154cos 1 (11.14)
. ] — o0BI54H g p—OSIS4H, __ ,—OBIS4H, t
ctors ‘ an , are someti
Cofa r . 0.51-cos ¥ 00,5154 cas 1 ’ mes called

\

the range reduced to the surface layer for content of water vapor.

In work [10] it is shown that with consideration of the
curvature of the earth with angles y < 1.4 rad, the effective
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thickness of a layer of precipitated water vapor can be calculated
from the formula

[]_____E_U_ ) \\_
w = @ e~NSIsH, £ .I \ (11.15)

0,5154 cos ¢ T

wWhere

'?=5¢%-==L(05w4ymﬁnv
1 LI 2R3 1 s ‘{

0. 12 :
Eg=( 5;541?) ,COF‘Y- i
!

The values of the effective thickness of the layer of pre-
clpitated water vapor calculated from formulas (11.13) or (11.15)
are initial for determination of the transmission coefficient of
the atmosphere Tt(A)HEO from Table 6 of the Appendix and also for
finding the coefficient ISC(A).

11.3. A Method for Calculating the Mass of Air and Carbon Dioxide
on Horizontal, Sloping, and Vertical Paths

It 1s known that air pressure changes exponentially with
altitude with the index of the exponent 0.123H, i.e.,

Py=poe—OIBH, | (11.16)

The thickness of a layer of air on horizontal paths, located
at altitude H above the earth's surface and reduced to the surface
layer, with consideration of (11.16), can be calculated by the
formula

L =1 o-0-123H

red H (11.17)

where Ly is the distance at which the propagation of the radiation
flux is examined and Lred is the length of the near-ground hori-

zontal path which, for a mass of air, is equivalent to the length
of path Ly at altitude H.

With sloping paths, by analogy with (11.13) and (11.14), the
following formulas can be obtained for the calculation of the length
of the optical path of radiation reduced to the surface layer:

361



~
(W8
PO
I\

—— in altitude range from Hl to H2

g=OIBH, __ ,—0123H,

C= 11.18
Ireq - 0.123-cos ¥ ( )
—- in altitude range from 0 to H
| — g—01BH i
Lrea = 018y | (11.19)

Calculated from formulas (11.17), (11.18), and (11.19), the
thickness of the layer of air in the path of propagation of radia-
tion reduced to the surface layer can be used in the determination
of the values of the transmission coefficlent of the atmosphere
with consideration of losses for scatter alone, i.e., of coef-
ficient TSC(A).

With some refinements, the indicated formulas are applicable
for the calculation of transparency of the atmosphere in conslder-
ing losses due to absorption by carbon dioxide, 1l.e. by coefficients
T (A)COE. The indicated refinement consists of conslderation of
the change in absorbing properties of the carbon dioxide with
altitude which is described by the function

Ferr _ _-0.19H

Ly

With consideration of this relation, the effectlve length
of the optical path reduced for absorptivity of carbon dioxide to
the surface layer will be, on the basis of (11.7)

Lred.efs = LyetimHe=0isn_ [, gomn (11.20)

Formula (11.20) is valid for horizontal paths located at
altitude H above the earth's surface.

By analogy with (11.18) and (11.19}, with sloping traces the
expressions for the calculation of the effectlive length of the
optical path, reduced for absorptivity of carbon dioxide to the
surface layer of the atmocsphere, will have the form
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-— altitude range from H1 to H,

£—OBIBH, _ e—u.sxaﬂ.

Lred.eff = 0,313 cos ¢ k/ (11.21)

-- altitude range from 0 to H

1 g 038H )

Lreg.err = 0313cos1 (11.22)

Relations (11.20}, (11.21), and (11.22) permit calculating
the effective length of the optical path of radiation in the
atmosphere reduced for absorptivity of CO, to the surface layer.
These values of Lred.eff are initial for aetermining coefflclents

¢ (A)CO, from Table 7 of the Appendix.

Thus, the relation obtained provides the opportunity, in the /326
first approximaticn, of caleculating the transparency of the atmos-
phere for monochromatic radiation on horizontal as well as on
sloping and vertical paths. Sometimes, the tables of spectral
coefficients of the transparency of the atmosphere are compiled
depending on the value of the absorbing mass expressed in atm-cm.

The change from distances and thicknesses of attenuating layers to
the absorbing mass is accomplished from formulas of the type

w' = f'Lpolo3 (11.23)

where f' 1s the ccefficlient which characterlizes the content of
absorbing substance in the environment, expressed 1n percent; L
is the effective length of the optical path in km, and Po is
the pressure in atmospheres.

Data on the content of various components in the atmosphere
are presented in Chapter 2.
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CHAPTER 12. SELECTION OF RADIATION RECEIVERS AND CALCULATION OF
THEIR CHARACTERISTICS

12.1. A Method for Calculating Spectral Sensitlvity and Mono-
chromatic Thresheld Flux of Photocells and Photomultipliers

. By analogy with (4.3), the integral sensitivity for the
luminous flux F can be expressed by a relation
1 U

at = 5 (12.1)

In order to change the integral sensitivity which is esti-
mated from the influence of the radiation flux of the same source,
it is necessary to consider the connection between the luminous
flux and the radiation flux which is established by the formula

F=0K g (7., (12.2)

Substituting the value F in (12.1), we have

1

1 v __
ST o= DK max (M) 7 ’ ’ (12-3)

whence, with consideration of (4.3), we find

1 _ ol

_ S
S = W or S = S Kmax(l)n (12.1-1)

In this expression, K (A) = 683 1m/W is the maximum sensitivity

max
of the eye; n is the efficlency of the eye for a given emitter.

Formulas (12.4) establish the connection between the integral
gsensitivities of the recelver for luminous flux and radiation flux
of the same emitter.

~
i
o
-1

|

Since spectral sensitivity - 8y 1s expressed by the integral
gsensltivity in accordance with the equality

Si=-st

4
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replacing the value S in it with its value from expression (12.%4),
we obtain

Si=81 Kz Qyn K’"“‘”" s(l] (12.5)

Here n. is the efficlency of the eye for radiation from a standard
source. This formula permits calculating the spectral sensitivity
of photocells and photomultipliers using reference data. 1In this
regard, as follows from the formula, 1t 1s sufficient to calculate
one value of the functlon S with s(A) = 1, and to obtain the
remainder by multiplication of the calculated maximum sensitivity
times the value of the function s(X).

For example, for the photomultiplier FEU-25 (spectral charac-
teristic of the photocathode S~6), the placement in formula (12. 5)

of the values: integral Sensitiv1ty of the photocathode S% =
3 uA/1m; coefficient Ng = 0.0243 and K5 = 0.0158 provides

_ 68300243
8, =35-10~ o s ()= 0¢037s(l) A/W

The threshold values of the monochromatic radiation flux can
be calculated from expression (4.22)

T % E%XT
Since on the basis of (12.2) F, = @thaX(A)n,
Kg
e TPy BT s (0 (12.6)
where Ft is the thresheld luminous flux and utilization coef-

ficient of %he receiver for a standard emittfer.

Relation (12.6) provides the opportunity to determine the
monochromatic threshold fluxes of the photocells and photomulti-
pliers, and the variable value here is only the function s(A).
Therefore, to obtain the spectral distribution of the threshold
sensitivity, it is sufficient to calculate @At with s(x) = 1,

i.e., the minimum monochromatic threshold flux. Then, calculating /328
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5 .
At min . .
the values SO0 we find the desired distribution of threshold

radiation flux for the spectrum.

12.2. Calculation of the Characteristics of Radiation Receivers

The values of integral sensitivity and threshold flux pre-
sented in certificates and reference books are measured from the
effect of luminous flux or radiation flux of a standard radia-
tion source.

Under real conditions, the functions of the spectral density
of the radiation flux of emitters cbr(l) in accordance with which

the instrument operates can be distinguished from the similar
function :bs(l) of a standard source. In such cases, to evaluate

the possibilities of employing a given receiver for operation with
real emitters, the recalculation of its characteristics is performed.

In order to establish the connectlon between the characteris—
tics and the receiver for real and standard emitters, let us use
some of the relations from Section 4.2. On the basis of (4.7) and
considering (4.9), we write the expressions whiech determine the
integral sensitivities of the receiver for standard Sy and real
Sp emitters:

g‘ gﬁ;m s () d) -
SS_"—_ S;ma; p =Sfr—maxks; (12 o )
{ & (L) d) {
- o - .
[ dp@ys@yax |
Sr=Sip—3 =S auky,
T oirm » { (12.8)
A

where S is the maximum spectral sensitivity of the receiver;
Amax

kg and k,, are the utilization coefficients of the receiver for
standard and real emitters, respectively.

Coefficients kg and k, 1n general are not equal to each other
since they are calculated ?or emitters with different ¢ (A). At

the same time, Slmax’ being a characteristic of the receiver

itself, does not depend on the parameters of the emitter. There-
fore, in (12.7) and (12.8), Samax 18 the same.
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Expressing SAmax from (12.7) and placing its value in (12.8),
we obtain

s. =8 =X (12.9)

If the integral sensitivity of the receiver for the standard /329
Source was measured in accordance with the influence of the
luminous flux, then keeping in mind (12.4) from (12.9) we will
have

Ly (Ao 5— (12.10)
S

SP = SS max

where Kmax(k) = 683 1m/W; ng is the efficiency of the eye utiliza-

tion coefficient for a standard source.

If it 1s necessary toc determine the integral sensitivity of
a recelver to .the luminous flux of a real emitter, we proceed
in the following manner.

On the basis of formula (12.4), which connects the integral
sensitivities S and S1 of the receiver, 1t is necessary to write
these expressions as applicable to a standard and real emitter:

1

Sg = SSKmaX(A)nS (12.11)
_ ol
Sr = 5, max(k)n (12.12)

Solving (12.11) relative to Kmax(h) and substituting the
value obtained in (12.12)}, we find

1
S n S n
_ 'r r 1 _ el 8
S, = ggss ns o Sn SSSS n (12.13)

Since, on the basis of (12.9) S,/8, = k./k , from (12.7) we
finally obtain

k_n
S1 - Sl r's

I s ksnr

(12.14)

This formula permits calculating the integral sensitivity
of the receiver for the luminous flux of an actual emitter if we
know the value SS
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To establish the connection between threshold fluxes of the
receiver for standard and real emitters, we use the relation (4.21)
and, on its basis, we wrlte the expression which determines @S £
and ¢ . e

r.t.

,'tf;
o, L = 3 (12.15)
5
/T
@r_t‘ = —3 (12.16)

r

Since ¥ ﬁﬁ is the same in both formulas, the joint solution of /330
"equations (12.15) and (12.16) provides

S
(IJ =(I) —
r.t. s.t. Sr

4]

whence, with consideration of (12.9), we find

k

_ ks
*rt. T %s.t. KL (12.17)

If the threshold flux of the receiver is evaluated from the
effect of luminous radiaftion of a standard source, then to obtain
the desired relation it is sufficient to place in formula (12.17)
instead of ¢, t its value from (1.34), then

Fs.t. ks

& = — (12.18)
.t. (A)
r.t K A N kr

max

In calculating the threshold flux for luminous radiation of
a real source we find the relation necessary in this case by

placing in (12.17) the values of the threshold fluxes . ¢ and
@'.

5 t.° expressed by the lumonous threshold fiuxes:
F F

r.t. .
r.t. Kmax-A Ny s.t. Kmax‘l Ng

Whence we obtailn
k_n

S 'r
r.t. s.t. K (12.19)

rfs

Thus, the threshold flux of the receiver for a real emitter
can be calculated on the basls of data on the threshold flux for
a standard source by one of the formulas (12.17), (12.18), or
(12.19).
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The specific conditions for the use of a radiation receiver
in an instrument for a specific purpose are made up of the addi-
tional restrictions which it is necessary to consider. Such
restrictions include the type and frequency of modulation of the
radiation flux, the width of the transmission band of the ampli-
fier, and others. Their influence 1s felt especlially on the
characteristics of the photoresistors and bolometers. The modu-
lation frequency affects the integral sensitivity of the photo-
resistor as a result of its rather significant inertia. This
effect is manifested as a reduction in the integral sensitivity
Sp with an increase in the frequency modulation of f and is
described by the relations

~—- Wilth sinusoidal modulation

S, = S

(12.20)

-- with a square shape of pulses of radiation flux

1]

S __}_I_EEE-!
Sp=SeT T (12.21)

142

where Sy 1s the integral sensitivity of the receiver with modula- /331
tion frequenciles close to f = 0. 1 is the time constant of the
receiver, ‘

Therefore, in designing an instrument, we strive to select
the modulation frequencies so that they do not have a significant
effect on the reduction of integral sensitivity. Such a con-
dition 1is satisfied by the maximum permissible modulation fre-
guencies determined as

J' f-‘“—‘-a'r—-i————-. {(12.22)

However, in a number of cases, condition (12.16) cannot be
satisfied and this leads not only to a reduction in the integral
sensitivity but also to a worsening of the threshold flux of
the recelver and the instrument as a whole.

In Sectlon 4.4, it was shown that with low modulation fre-

quencles, the effect of current noises is manifested especially
strongly. In order to consider their effect with a change in
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modulation frequency, we refine formula (4.93) with consideration
of (4.88):

=72 Jo e
L_’_”}:{W—}-U@ . (12.23)

i

We write the expression for threshold flux with frequency of
sinusoidal modulation fiy:

‘. ' _— =0 fo | 5o . [
o, YOi(w ]/U?—‘*ﬁr"'ﬁ?
0= ;; _ quD - VIF@afep. | (12.24)

4 ™ - - -

If the frequency of modulation of the radiation current 1s
such that the current noise is predominant and the remaining com-
ponents can be disregarded, relation (4.18) takes the form

; VT Fo e (12.25)
w1 T v |
UQ' . - -
Inasmuch as M k;? ‘“0"} ‘ /

{

then :
o=l V -.;';‘1— VITEsa)- .

(12.26)
If the basic type of noise is thermal, then
. : s |
3®t;=¢él}ovl+(2“f‘t)"1 (12.27)

In order to determine the threshold flux of the receiver with
connection to the input of an amplifier with band transmission
fo - £7, it 1s necessary to calculate coefficlent k(Af) according /332
to the previously presented formulas and multiply the right sides
of expressions (12.24), (12.26}, and (12.27) by i%.
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12.3. Quantum Effectiveness and Quantum Threshold Sensitivity
and a Method for Thelr Calculation

When the source of radiation is a monochromatic emitter, for
example a laser, such characteristics as quantum effectiveness,
guantum threshold sensitivity, and their distribution over the
gspectrum are usually used.

Quantum effectiveness g 1s calculated from the formula

N .
q = —%ELEE (12.28)
au
where Nqu pe is the number of quanta actively absorbed by the sensi-

tive layer; Ngy is the overall number of guanta.

Inasmuch as one quantum of radiation can dislodge conly one
photoelectron, quantum effectiveness can be characterlzed as the
relation of the number of dislodged primary photoelectrons Np
to the overall number of guanta which have fallen on the sensitive
layer

where Lqu = Nqu/Npe is the number of quanta per photoelectron on

the average.

A relation exists between the number of phoftocelectrons dis-
lodged from the sensitive layer of the receiver in a unit of time
and the arising photocurrent I

Ny = % (12.29)

Here e = 1.6-10"%7 ¢ is the electron charge.

On the other hand, the monochromatic radiation flux &, and
the number of radlation quanta corresponding to it are connected
to each other by the equality

% _ %

Nqu = v = e AAT (12.30)

where H = 6.6252-10'34 J+c 1s Planck's constant; v is the fre-

quency of electromagnetic ogcillations of a given monochromatic
radiation; ¢ = 3.1010 em.c-1 is the rate of propagation of
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electromagnetic osclllations in a vacuum; A is the wavelength of
monochromatic radiation in ecm; At is the time interval during 333
whileh the radiation flux acts.

On the basis of (12.28), with consideration of (12.29) and
(12.30), the quantum effectiveness of a receiver for a mono-
chromatlec radiation flux will be

e | (12.31)

7 ) ke
Since -E;-—zs-“ . QP\:SI. —— (12 . 32)

ek

Substituting the numerlesal values of constants h, ¢ and e here,
we obtain

LU2 o |

=S
= | (12.33)

\
where A 1is measured in cm. If the wavelength is measured in um,
formula (12.33) takes the form

(12.34)

‘Replacing S, in this expression by its value from (4.15)
and (12.5), we find

. \
-8 s() 1.242 v
p=SL0 22 (12.35)
I Kmax (V)7 1.242 '
g=St KnxQn g L2 (12.36)

\

Formulas (12.35) and (12.36) provide the opportunity to cal-
culate the monochromatic quantum effectiveness of the receiver
from the known integral sensitivities S and 31 measured from the
influence of radiation flux and lumlnous flux, respectively.
Coefficients k and n are calculated for the radiation of the same
source.

The expressions which determine the monochromatic gquantum

effectiveness of the receiver on the wavelength of maximum sensi-
tivity, 1.e., with s(X) = 1, can be presented in the form
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Pomag S 122 (12.37)
k Amax
and s : "
B =S K (90122
L Amer (12.38)

In order to find the distribution of the funetlon g, through
the spectrum through the value Dpax V€ take their relation. Then,

from (12.35) and (12.37) or (12.36) and (12.38), we obtain

L'}

9=
} ) max

W . ) o ;

— Amax I
S, ;

whence i 1 ‘ /334
=iy Lm0 ==

(12.39)

This relation shows that the spectral distribution of the
gquantum effectiveness is determined not only by the function of
relative spectral sensitivity but also by the position of the
sectlon of the spectrum being considered on the wave scale.

The guantum threshold sensitivity can be found from expres-
sion (12.30)

&
= _At

Substituting the values of the constants h and ¢ here, we
obtain

= 5.03-10%

Ny 8<I>

& AtlAt (12.41)
From this expression, with consideration of (4.22) and (12.6), we
find the expression for the calculation of menochromatic gquantum
threshold sensitivity for the standard threshold radiation flux

or luminous flux:

Ny, = 5.03:10% - “s AAL (12.42)
At ' s.t. iji‘ . .
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Ks

8 .
b Ko (Mngs ()

= 5.03-10% AL (12.43)

NAt Fs

The quantum threshold sensitivity on the wavelength of maximum
sensitivity, i.e., with s(A) = 1, will be

- 18
Ndpax = 2-03710772, o kA, A% (12.4L)
or 18 Ks
Nidpag = 5-03:107°F, K 0Om, Anaxdt (12.45)

If we take the ratio of relationships (12.42) and (12.44),
then

Nea o A

A
= or Ny, =N N(A) (12.46)
Amaxs(h) t tAmax lmaxsili

N{A)
Ntlmax

12.4, A Method for Caleculating Quantum Effectiveness from the
Integral Radiation of a Source

The quantum effectiveness of a recelver for complex radla-
tion,similar to integral sensitivity, characterizes the total
reaction of the recelver to radiations of all wavelengths expressed
by the ratlo of the number. of photoelectrons which arise to the
overall number of actuating gquanta.

To obtain the desired ratio, we will proceed on the prin- .. /335
ciple of superposition, i.e., determine the number of photoelee-
trons which arise on each wavelength, sum them, and refer them
to the overall number of actuating radiation quanta.

The number of radiation quanta in a monochromatic radiation
flux 1s determined by the expression

o sona
M= av ke ’ /

v ' (12.47)
SELI’ICE ‘(I)Az.—ﬁ(f)d}w and w==ci-t,
If the éﬁantum effectiveness of the receiver 1is described by

function gy, the number of photoelectrons which arise under the
influence of quanta of complex radiation is found as the integral
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-Npﬁé‘ Nygdh (12.48)

The function q) can be presented in the form
=G s (2, | (12.49)

where q(A) = qh/qkmax is the quantum effectlveness on wavelength
A as compared'to the maximum.

Since on the basis of (12.37)

§ —1.242 A 1.242 -
G max == — !aq':.:—‘;" ""_"1_3{1),' (12.50)

N B Agm

-

then "-9(1)-‘—; i';“ s{h). “

Placing the values for gq(Xx) and Ny in (12.48), from (12.47) we have

N =g | G0N
E .5 o (12.51)
Considering that Jgﬁ(*\)s(l)d}a;@](t: , we obtain
_ @K .
N Dm0 Ao / (12.52)

The last expression provides the opportunity to calculate the
number of photoelectrons which arise in a unit of time under the
influence of a radiation flux from the known quantum effective-
ness on the wavelength of maximum sensitivity.

Sometimes N and q are determined in a different way. The

number of photoelectrons in a unit of time 1is calculated by /336
formula (12.29) written in the form -
_ &5
Npe T e
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We also come to this expression in the case where we place
in (12.52) Do x from (12.50) and the values h and c.

The overall number of quanta N in complex radiation will be

N={ Nar={ 20 ;1. |
5 dh= S| (12.53)
0
) Cy :
If the emitter is an IBB, '@()=r()A4; r(l):(;'l}\—ﬁ(e"ﬁ._l]-l‘\
then |
‘i z\?= hA Sﬁ-——-};—_dl. :
' ¢ 15 C, 0 .
\! ¢ 7(&3.‘___1) . (12.54)
ECQ H '
Taking the designations: ﬁ}“=q;l==£%ﬁ dl==—~£k-dq/, from (12.54)
we obtain: : ?“ 977
N:..‘A_ %TSJ e aq.
he & -1 (12.55)

Since an integral of the form

j " dq=r‘fn—:—1)§: Lot $ L)
a1 o Mt | £+ /.

g 7 {1

where £t = 1, 2, 3, ... 1s the natural series of numbers, then

i

“ ¢ dq=2(1+—‘m+_1—+§-+ . )-_—2,4041./
o7 1 o
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Then

N=24041 A CL7s
: he Cg -

. (12.56)
We rewrite (12.56) 1n a somewhat different form
Ne—2.4041 B85 4 1 _CC rr |
: 6.455 ke ¢ic, T !
) |
. =ASiTg45s S 2404
i C4 The 6.455 i
- 2
N !
Whence, considering (1.21), (1.6) and (1.20)
6455 'El- T‘.T_"'-:]T‘; fr
. cs
b S '
I C2= -ff—; AST‘-—:@, i
’ l
we obtain o :
N=0.37221—3_. ;
(12.57)

where k is Boltzmann's constant; T, the temperature of the emitter.

Knowing Npe and N, we find the integral quantum effectiveness
of the receiver from the expression

N o5 :
=—pe 9 . K7 _ |
= e ' oamaem 2825710 (12.58)

- then substituting Npe in (12.58)

from (12.52), after conversions we obtain

If" we express gq by qj

g=187g; aack T gy | (12.59)

Relations (12.58) and (12.59) provide the opportunity to
calculate the integral quantum effectiveness of the receiver for
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complex radiation, the spectral distribution of which follows
Planck's law. If the function of spectral density of radiation
flux does not follow Planck's law, the integral quantum effect-
iveness should be calculated from the formulas

o . : ,

g Mo PwsThe M 0, PPen (12.60)
N o T = ’
1 # ()AD
- OS & (M) A g y
Mo
=~ OShe _ yo490.10425
N efd M) Jemnam X
o S (12.61)

The formulas derived provide the opportunity of changing from
integral quantum effectiveness for one emitter to guantum effect-
iveness for another emitter. Using relation (12.59), we write
the expression for g as applicable to a standard and real emitters

9g = 1'87qlmaxksTsAmax
(12.62)
9p = 1'87q1maxkrTrlmax
and, solving them jolntly, we find /338
k. T
= _r_r
qr. - qs k T (12.63)
s s

If a real emltter 1is not gray, then using one of the formulas
(12.61), we write the equations

4 os¥samax

95 = 128271077 mp—torax Pmax
_l O KA g \ (12.64)
q, = 1.242:107" To_ (X)Adx **max

after the Joint solution of which we obtgin

k ?¢(Dkﬂ‘\ LK i % \
drir 2 % . EE T 4 (12.65)
: i s -

f@gnam ( }

w0
0
]

[=
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Expressions (12.63) and (12.65) provide the opportunity to
calculate the quantum effectiveness for a real emitter if the
quantum effectiveness of the receiver for a standard emitter 1is
known.

And finally, the equivalent threshold flux &; of the receiver
is the gquantum integral threshold sensitivity for the radiation of
an IBB Ny, the expression for which can be obtained from (12.57)

]

_ t
N, = 0.3724 ol (12.66)

Writing it down as applicable to the radiation of standard
and real emitters and sclving these relations jointly, we find

(12.67)

12.5, Selection of the Optimum Radiation Recelver

For the correct selection of a radiation receiver, it 1s
necessary £$to know the purpose and operating principle of the
equipment , where the receiver should be used, the conditions for
the operation of the equipment, duration of operation, and also
the radlation characteristics of the objects and the background.

It is known that hlgher sensitivity 1s possessed by cooled
radiation receivers. Therefore, thelr use in equipment permits
improving its tactical and technical characteristics considerably./339
However, the employment of such recelvers in actual meodels of '
electro=optical equipment is'.connected wilth great difficulties
This problem is solved most simply in those cases where the
instrument 1s intended for operation during a short period of time
from fractions of an hour to several hours and the moment of the
start of operation is known ahead of time. Then receilvers cooled
with dry ice, liquid air, liquild nitrogen, and so forth can be
used with success. In instruments and devices intended for pro-
longed continuocus operation, the use of cooled recelvers is
possible only with the presence of cooling devices which assure
prolonged operation.

Thus, a preliminary evaluation of the conditions and dura-
tion of operation of the instrument as well as of the charac-
teristics of the cooling devices permits drawing a conclusion
about the possiblility or impossibility of using a cooled radia-
tion receiver.

‘To substantiate the type and selection of a specific model
of receiver, an analysls of thelr parameters is conducted on the
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basis of the characteristics of radiation of the objects on which
the equipment should operate and of the background. In this,

an attempt is made to see that, along with assuring the reqguired
Tange of action, the correlation between the useful signals and
the interference signal is the greatest.

Therefore, despite the fact that operating conditions may
differ, i.e., an object 1s projected on a non-radiating background
Or an object is projected on a uniform radiating background, or
an object 1s projected on a nonuniforn radiating background, the
approach to the substantiation of the receiver being employed
remains constant in all cases. Its basis is formed by the com-
parison of the useful signal with the interference signal or
values equivalent to them. It is convenient to use the values
of effective radiant fluxes which cause the indicated signals as
such values. The difference in the substantiation of the receivers
being employed depending on the situation will be determined
only by the nature of the interference.

In the simplest case, when background radiation is absent
and the sensitivity of the instrument is limited only by internal
noise, substantiation of the receiver being employed 1s conducted
on the basis of a comparison of the effective values of the radiant
flux from the object and the threshold of the receiver expressed
by the relations

Qr.eff = rr

2% .err T ¥s.t.Ks

The evaluation of the receivers 1s conducted as applicable to
some specific instrument in which the width of the transmission
band is the same for all posslble receivers. Therefore, the
receilver which is characterized by the maximum value of the rela- /340
tion

_ Qr.eff _ Qrkrj
B, = 3 =3 T (12.68)
J t.eff s.tJ sJ

should be considered best.

Inasmuch as the value ¢, 1s the same for all receivers, nor-
malizing the value B; in accordance with it we obtain a rather
simple and convenien% evaluation criterion

B. er

b = _’J_--—-—.-_—. - (12-69)
J Qr <IJs.t’JksJ
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This criterion characterizes the sensitivity of the instru-
ment. The greater its value, the better. Therefore, from a group
of preliminary selected receivers, the best are considered to be
the receivers which are characterized by the largest values of
the criterion b;. It is not difficult to show that criterion b
is the detectiné capability of the receiver for a real emitter.
Actually, since

ks
5, =0 ==
r.t. s.t krA
from (12.69) we have
1
b = =D*
Qr.t. r

In expressions (12.68) and (12.69), we mean by kp, the coef-
ficient of utilization of the radiation flux by the insStrument as
a whole with consideration of the effect of the environment, i.e.,

-?gs R s 1z ) T R) A [
(I !
kfF= - T

fem A |
° i

With the presence of a uniform or nonuniform radiating back-
ground in the instrument field of view, it 1is necessary to evaluate
the receivers for thelr sensitivity to the radiation of the back-
ground. It is completely obvious that from this point of view the
best will be the receivers which are least susceptible to the back-
ground. To evaluate the sensitivity of the recelivers being com-
pared to background radiation, we use the values of effective flux
from the background and the value of effective threshold flux:

% .err = YKo

q>t.eff B CI)e.tks
Taking the ratio.of the values.of effective fluxes, we - /341
obtain
® ) Cl
gt = obeefr _ oM (12.70)

Qt.effj ®s.tjksj

Inasmuch as the radiation flux from the background ¢, which
is caught by the instrument 1s determined only by the parameters of
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the instrument, does not depend on the instrument, and 1s the same
Tor all receivers, normalizing coefficients a! for the value 9y
we obtailn J

(12.71)

14
I R
b0y 05, pJK
5
We call coefficient a the criterion of susceptibility of
receivers to the bpackground radiation. The best with regard to
perception of background radiation will be that receiver whose

value of criterion a is the smallest.

If the background is nonuniform and its fluctuations may cause
signals on the output of the instrument which are similar to sig-
nals from the objective, in selecting the recelver we can use one
more criterion obtained on the basis of the first twoc. From the
considerations whieh have been presented, it follows that the best
for employment in the instrument is that receiver which is char-
acterized by the largest value of one criterion and the smallest
of the other. If, in a group which has been taken ahead of time
for evaluation, the receiver is found whose criterion b has the
greatest value 1In comparison with the others, and criterion a has
the least, preference should be given to this very receiver. How-
ever, such agreements are not often encountered. Therefore, we
should consider as best the receiver which is characterized by the
greatest value of the ratio of criteria b and a, 1i.e.,

05
cj = 5; (12.72)

Substituting the values b and a in this expression, from (12.69)
and (12.71) we have

k_0_jk_j k_J
_ “rsYfs _r
°) T B IT T T Ry (12-73)

The expression found for criterion ¢ shows that the best one
is the receiver which provides the greatest difference in sus-
ceptibility of radiation fluxes from the object and the background.
Sometimes, the selection of the receiver is accompllished from the
greatest values of the criteria b and ¢ simultaneously.

When the radiation background along with the creation of
interference signals causes an increase in the intrinsic nolses
and a worsening of sensitivity in addition, the substantiation
of the rational radiation receiver should be accomplished from
the maximum signal-interference ratilo.
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With the presence of constant background 1lluminations, the /342
basic and practically only criterion for the selection of a
receiver is the first of the criteria examined above. The only
difference is that the effective value of the threshold flux
should be determined from expression (10.70)

= (1) k(@)

¥ err st

With consideration of this, the expression for the desired criteriocn
takes the form

& @ k
. = _L.eff _ (12.74)
I o) ¢(l)k k(3)
t eff .te
After normalization of criterion Bj for value ¢., we obtain
b E i (12.75)
1
oo ik k(@)

Thus, with the influence of constant background illuminations,
we should consider as best the recelver with the greatest values
of eriterion bj with a fixed value of constant illumination.

Inasmuch as the value of coefficient k(¢) depends on the area
of the entrance pupil of the objective as well as on the size of
the angle of the instantaneous field of view, the evaluation of
receivers for criterion b: is best conducted with the use of graphs
which have been normalized for A but depend on wy.

en.ap

Thus, for photoelectric radiation receivers with an photo-

emission value k(%) can be presented in the following manner:

#(@) -

T {A)dh i

_]/[ J¢U)ﬂn 1/1+_1m,¥b N
! |

’ i

where ¢b = B
then

bAen.apva’

: SzmbiAer'J. . ap 0Bk |
k(®y=p/r14- = "

(12.76)
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With the influence of constant illumination as applicable to
photomultipliers and photocells, the expressions for criterion
bj will be :

o o o
by= v I
q)(l) kl/] + BbAen &pokab!
R (12.77)
) L /343
— . s kra !
by= — : : . /
i l

S (12.77a)

If the background signai is considerably greater than the
dark current, i.e., the second term of the radicand is greater
than unity,

. . &y i
hy=— = |
. DI 'l/[ *maxBbllen. apvakb‘ (12.78)
- g.ts R i
or . .
bj= = —= * !
- S;maxB.bAen-El_EOkab :
qhtmm F; '

If the background is nonuniform and the fluctuations of its
radiation can cause false signals, then from the group of receivers
which possess the greatest values of criterion by we select the
receivers with the least susceptibility to backg%ound radiation.

As was 1ndicated earlier, such recelivers are receivers whose
value of criterion cy = kKpJ/kpd will be the least.

As applicable to photoelectric receivers with an photo-
econductlon, ~Lhe. me thed ofseleeting the- epfimum receiver with
different .background. situstions remains- the same for photocells
and photomultipliers with the only difference that coefficlents
kf9) for them should be calculated from the formulas of Section 10.3.
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The considerations presented are valid when the lag of the
Teceivers has practically no influence on the amplitude of the
Slghals. When the duration of the influence of a radiant flux
from an object on a receiver 1s comparable with the time con-
stant or becomes less than it, the eriteria for the evaluation
of receivers need refinement.

The effect of the time constant on the amplitude of a signal
can be considered as the corresponding reduction in the value of
radiant flux from an obJect to the radiation receiver. In this
connection, this reduction is determined by the relationship of
the time constant and time of influence of the radiant flux from
the object to the receiver. When the radiation receiver is a
sluggish element, which is valid in the majority of cases, the
indicated reduction can be considered by introducing a factor
which characterizes the change in the output signal depending on
the duration of the pulse. Then

_ - t/T
o, = @r(l - e ) (12.79)

where t is the duration of the radiation pulse which acts on /344
the receiver; 1 is the time constant of the receiver.

Consequently, with a given duration t of the radiation pulses,
we need to take as the effective value of the radition flux from
the cobject

!

; = — -< 2.8
®rerr = q)r.eff‘r(l—e )=k (1—-€77) . (12.80)

If the real flux from an obJect which falls on the receiver
is considered constant, which actually occurs, the effect of the
lag of the receiver 1s best considered through the worsening of
threshold sensitivity, i.e., through an increase in the value of
the threshold flux

O = ¥ — .
S.t ] (12.81)

Any of these ways for consildering the effect of lag leads to
the same result and the criteria which have been considered take
the form:
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—-- in the absence of background

oo (1)
b= BT F ; (12.82)
: ‘.bs.u"ksj
- t ,
d"é.'tfk‘sf . 3
krj \

5ﬁ'

oA

-- with the presence of uniform background

-

t

k,f,-(l—e‘ ')
1= - j {12.84)
. Qg%l%iﬂ¢)

~-- with a nonuniform background

!
N ktj(]'—e—')
@é;l k(D) |
: B ¥ (12.85)

Cj=—I—.
Epy -

The method described is also applicable when special optical /345
filters are used in aggregate with the receiver to change the
signal/background ratio. The only difference in this case consists
of finding the utilization coefficients of the receivers for the
radiation of real sources which should be calculated from the
formula

Igﬁfﬁ) 55 () T ()0 () "EO‘) an -

3!

Igﬁ«om ' ¥ (12.86)
r

jﬁ

&
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where Tbﬁl) 1s the spectral transparency of the filter.

Thus, if the receivers and the characteristics of the
spectral transmission of the optical fillters are known, the
optimum combination can be found which permits either assuring
maximum range of action or the greatest sensitivity or the
smallest dimensions of the entrance pupil.
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CHAPTER 13, - SPECIAL FEATURES .OF CALCULATING ELECTRO-OPTICAL
- TNSTRUMENTS WITH LASERS

13.1. Special Features in Calculating Operating Range in the

The range of action of an electro-optical lnstrument with a
laser, for example, a locator, is one of its basic parameters.
Naturally, it depends both on the characteristics of the re=
ceiver and transmitter and the condition of the medium .
between the objJect and the locator and.on the characteristics of
the object itself and the background on which.it is projected.
The use of a laser as an emitter in electro-opticéal locators
expands thelr possibililities substantially and, at the same time,
leads to the appearance of changes in the circuits of the
instruments and causes a number of distingulshing features in
the computation method. These features are determined primarily
by the high directivity and monochromatic quality of the radia-
tion of the laser. Let us examine their effect on the method
of c?lculating the range of action of the instruments (Fig.
13.1).

If the laser of a transmitter emits flux d155er which falls
entirely in the transmitting optical system, the radiation
intensity of the transmitter 1in space, in accordance with (9.30),
will be

" iflase
f= = *’3:_1‘é
T (13.1)

where t¢ is the transmission coefficient of laser radiation by
the transmitter's optical system; 8t 1s the plane angle of

the apex of the solid angle wg of divergence of the transmitter
beam,

The irradiance created..on theobject .can:-be . determined from
the formula ’ :

It PlagerTt

Eopb = 5 = T .
ob = 12 % 52 Te ©O8 B (13.2)

where Tg is the coefficient of transmission of laser radiation for
the medium; B:is the:angle-rbetweern ' the directlon.of. the besam
and the normal to the irradiated surface.
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Transmitter wi - o |
- Lagser _ > T ‘ 4

Receiver 4 L J

Fig. 13.1. For derivation of the equation of the
range of action of an electre-optical
lecator.

After reflection from the object, some fraction of the laser
radiation again returns to the locator. Only that portion of
the reflected radiation fallis on the locator's receiver which
is propagated withln the limits of the-rsclid.angle :based-oh the
entrance«pupll.

The problem of determining the value of the reflected com-
ponent at the entrance to the receiver is solved most simply
in the case where the cobject is a plane surface.

If this surface reflects diffusely with coefficient pg, the
intensity of the reflected radiation in the direction to the
locator will be

oo |
i ‘_-Eﬂbwmdcos B,L
OB R (13.3)

whence, with consideration of (13.2), we have

1o Bas gy ot
v

(13.4)

The product

“~eff
CAS cos’? A o
a4 ° (13.5)

is called the effective area of reflectlng surface and we rewrite /347
equation (13.4) in the form
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TR
o o, L2 tve ! (13.6)

Tnasmuch as only. that part of the reflected radiation falls
on the receiver of the locator which is propagated wilthin the
limits of the solid angle based on an objective with area
Aen.ap, the radiation flux of the transmlitter on the entrance
pupil of the receiver can be calculated by the formula

o —Jdoba - 1.,
q:):ec_ L2 Ae‘n-aPTe (13.7)

-1
'

. - - —_ L

where tTg is the coefficient which considers attenuation of the
radiation with reverse propagation.

Considering the attenuatlion of the laser radlatlion by the
optical system and filter of the recelver with coefficients
Tg and T¢, we find the value of the flux which reached the re-
celver

e e, :
fhrec = %rmy

¢

whence, in accordance with equations (13.7) and (13.4), we have

]
o asek

i (13.8)

Formula (13.8) shows that the laser radiation of the
transmitter, reflected by the object and reaching the receiver,
is attenuated in proportion to the fourth power of the distance
between the object and the locator. The formula is valid in
those cases where the angle of divergence of the locator beam
exceeds the angular dimension of the object.

IT the angle of divergence of the beam does not exceed the
angular dimensions of the object, the reflected radiation will
arrive at the receiver not from the entire surface of the object
but only from its irradiated part, whose area is determined by
the expression '
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then

=62 .
AfF=udlro c0stB =& Liggcos®§. |

Substituting the obtained value Aggf in formula (13.8),
we find

A
en.ap 2
Prec = ®laser 2 TeTeToTrlPg (13.9)

~
(S}
=
o

This expression is a particular case of a more general relation
(13.8) which we will also use in the future.

For the dependable discrimination of the useful signal, 1t
is necessary that the value ®pec exceed by m times the value of
the threshold flux of the radiation receiver with a given width
of transmission band of the electron channel

R R
%cg:} nz@ﬁ,:‘,’ck(ﬁf). (13.10)

where m is the required signal/noise ratio; ¢§l) is the mono-
chromatic threshold flux of the receiver wlth transmission band
Af = 13 k(Af) is the coefficient which considers the worsening
of the threshold flux with transmission band Af > 1 Hz.

Solving eqguations (13.8) and (13.10) with respect to L,
we obtain the formula for the calculation of the range of action
of the locator

1=/ tefobuiave |

moe(af) e (13.11)

If the reflecting surface of the object is not flat, formula
(13.11), remaining just as written, in essence is transformed
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somewhat due to the change in value AS{Y. We will show this
using as an example an object having a spherical shape..

For it, the mirror and diffuse components of the intensity
of reflected radilation are determined by relations (9.34) and
(9.39), and the total radiation flux which falls in the instru-
ment after reflection from the object by expression (9.42).

Then, by analogy with (13.8), on the basis of (9.42) with con-
sideration of {(13.1), we write the formula for calculation of

the amount of radiation flux which reached the radiation receiver
after reflection from the obJect with a spherical form

= Bacer RUETgg
i rec Gonfd

(Jé~+—~gg-f (13.12)

The joint solution of eguations (13.10) and (13.12) leads
to the formula for the range of action of an instrument which
has the appearance

1 sz/&%qp _"ei.ﬂ@"tT o't , |
! m161§bmk(Af) (13.13)

1 .

In this, ¢§t) is calculated from the formulas presented in
Chapter 12. In particular, for PM from formula (12.6) we ob-
tain the relation

Ry & Sel S
q;n = 35 = = ]/ 2
.t . v Kl
| A e R ) e Kunsx () 18 0) 5;@§%f” (13.14)

where I 1s the current strength.

; .. The value of coefficient k(Af) as applicable to a PM is cal- /349
culated from the formula k(Af) = VAT, where Af is the required

width -of the transmission band, whlch ‘can be determ1ned from :
formula {10+ 69) o

M(V+ﬁ£BmL
- a Ty A = - *
ot - . . i ' ) . Txa‘zr.‘} f

Placing it all in expression (13.13), we obtaln the formula
for calculating the range of action of a locator without con31der—
atlon of background illumination

\
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is the monochromatic threshold flux of a radiation receiver
with a single amplifier transmission band; 8¢ 1s the angle of
divergence of the transmitter beam; 8g¢ 1s the scanning angle;
ks is the coefflclent which considers the shape of the pulse;
m, is the coefficient of overlap of space in scanning.

w?ise Ty 1s the time for scanning a frame (pulse duration);
23

Formula (13.15) permits calculating the range of action of
a locator without consideration of the effect of illumination
from the background. The coefficients kg and ng for various
photocathodes of the PM which are necessary 1n this case are
presented in Table 13.1.

TABLE 13.1

Value of coefficient k for various spectral

Emit~ . b =
Fer | ™ characteristics of photocathodes
. Ctl Ce | C, I C. l Ce l Cq l Cy Co i Cy | Cia Cul Cis
Stand~| o,0243f 0.208] 0,0175] 0,0188] 0,0426] 0.0139| 0.0158( 0.0473) 0.0176) 0,0172{ ,041€) 00330 0,014 \
a ;'A" o : - * B : |
|
’ S‘?éé’-—‘f--- 0.427 | 0.427 0. 193 | 0,300 | 0.334 | 0,325 o.uzwl 0,380-| 0.241 | 0,274 | 0.325 | 0,385 | 0,240
radia=| : l ]
tion.

Sometimes, to increase the range-of action of instruments,
special corner reflectors [( "tail light" refleetors) are -
installed on the objects. With their use (see Chapter 9), the
radiation flux on the input of the receiver can be found from
formula (9.52).

o ;-la@laserﬂreflﬁen.appreflTonngt
rec = - T

(o]
t\ dcos§f ! -

108 cos B

From this relation, considering (13.10) and substituting /350

instead of k(Af) its value from (10.67) (af)=) af=ti ‘/kf(li-mg'i'
we find _ by VT
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/

- "Jlsq}lasel—'hreflAen.,aprE‘TéTon cos B VT 10/8,/

rx | 3 2 + | (13.16)
i) i ——

” ] - qu ﬁtﬁsc( dcosh ({.Oan )_} ,k,j(,l.f__MO)' i

The obtained formula permits calculating the range of
action of an electro-optical locator against an object equipped
with a unit of corner reflectors. The values which make up the
formula are inserted in the following dimensions:

2. o\ ~1/2
®1aser —— W; Apefl and Agp,ap —- Mm% &3¢ -- W-Hz ;

k(Af) = VAT — Hzl/2; 8y, 6g¢c -- rad; A -- um; 4 -= ém;
n -- seconds of arc; kg, Mg, M, PpreflsTgs Tes T
Tt —— dimensionless.

Let us examine the employment of formula (13.16) using the
following example. Assume that a gas laser (He-Ne) which operates
in a continuous mode is used in a locator; the laser's ®jgszer =
= 20 mW and 6 = 3.10-% rad. The area of the entrance pupil of
the obje%tive of the locator's receiver 1s Agp gp = 100 cme =
= 0.01 me.

ghe FEU-464 1is-used as -a radiation recelver (¢(1)'~ 1. IOdlMW/
The_ optical system-of the reéceiver and the  filter is char-

acterlzed by coefficients tg = 0. 8y Tp 0.3, 0On the object, a
corner reflector is used on which Bpefy = 0.02 m2, ppery =
= 0.9, d 6 em and the manufacturlng precision is characterized
by the value n=2. Setting kp = 1, my = 0.5, 6g¢ = 0.078 rad
and the signal-noise ratiom = 5, 1¢ = 1.0, and T = 0.1 sec,
we have

[L"
/ 1620!0"32102110—208100808031031f01 —::j
l 5-1-10-14.103.3,142.6.16—8.270 (-0—53—5—2 0 Do) Vl(l-rﬂ 5) |
=156 KM.

Thus, in the absence of interference, in this example, the
locator provides a range of action L, y = 156 km.

In order to evaluate the effectiveness of the use of
corner reflectors, we use formulas (13.15) and (13.16).
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Dividing the right and left parts term by term, we obtain

4A 8
. r~, //ﬁ refl Prafl 10 Tos B ./
] Ao A +0£&0 !

bp”reflCOS 3 Toor s (13.17)

Considering B = 0, the areas of the reflecting surfaces - /351
equal to each other, i.e., Aperl = A p and pref = Pprefl and
assigning values n, A, and d with which the expressiocn in the
parentheses will be no more than 1 (as a practical matter, it
1s 0.2-0.8), we find

_ffﬁx5=ﬁf4-10ﬁ

whence, Ly . p = 1.4-103L:

Thus, with the use of corner reflectors, the range of
action increases considerably and, other conditions being equal,
exceeds the range of action against an obJect without corner
reflectors by more than two orders of magnitude.

13.2. Calculation of the Range of Action with the Presence of
a Radiafing Background

If the obJect against which a locator is operating is pro-
jeeted on a radiating background, along with the useful radia-
tlon background,radiation falls on the receiver which leads to
an increase in noise and a worsening of the threshcld sensitivity
of the receiver. The appearance of background illumination
causes the background component of the photocurrent and affects
the value of the total current of the PM., For convenience in
considering the effect of background illumination on the
threshold flux, on the strength of certified characteristics
and on the basis of expression (13.14), we write

5e_(f.,+lf ),_l .
T

whence we obtain
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o - I |
(1) — fe '
Qufﬁivl+n04 (13.18)

where F{1) | is the luminous threshold flux of the PM with the
presencé’of background illumination and Af = 1; Ipc = S%Fb =

= 3%, 1s the photocurrent caused by the background illumination;
S% is the luminous integral sensltivity of the PM to background
rgdiation, calculated from formula (12.14); Fy 1s the Juminous

flux from a background which falls on the photocathode of the PM;
Sp is the integral sensitivity of the PM to radiation flux

of the background determined by expression (12.10); &, is the
radiation flux from the background which falls on the photocathode.

It is known that with the complete filling of the field of /352
view by the background, the value of the flux from it which
falls on the recelver is determined by the relation

op = BpwyAén.apTtopTf or Fy = B%wvAen.aprTO- (13.19)

Thus, with the presence of background illuminations, the
threshold sensltivity of the locator and, consequently, also
its range of "action depend not only on the characteristics of
the background radiation, but also on the value of the angle of
instantaneous field of view of the locator's receiver and the
area of the entrance pupil of the objective.

We write (13.18), with consideration of formula (13.19), in
the form

-~

_ L 13.20
Fi) — F) l/ 1+ Sskb55333b sAen ap TfT_O (13 )
e.t.b st *s"' .
or T - e
e‘. t.b “s.t ' k’sfb-,'r toT
’ (13.20a)

Inasmuch as most often the background radiation is caused
by scattered sunlight reflected from various objects, the
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utilization coefficients necessary for this case can either be
calculated by the method presented in Chapter 4 or taken from
tables. For some standard photocathodes, the values of coeffl-
clents k;, and mp for scattered solar radiation are given in
Table 13.1 (bottom line).

In a number of cases, to reduce the effect of the background
a narrow-band interference filter transparent for radiation
wlth waveglength Ajgger With transmission band Aixp from units of
tens of is installed in the receiver in front of the radiation
receiver. Then the value of constant background illumination
in the spectral band Aip on wavelength Ajgser can be calculated
in the following manner. For background illuminations whose
function of spectral radiation density r(A) follows Planck's
law, the share of radiation fy taken over the spectral interval
Alb can be calculated from tge known formula (1.20).

The nature of change in the value of coefficients [y,
depending on the spectral composition of the radiations which 1s
characterized by ‘temperature T on wvarious wavelengths A wlth the
width of the transmission filter Aidp = 10 is shown 1n Filg.
13.2'. ©From the graphs, it can be seen that for scattered
solar radlation whose spectral composition is characterized,
for example, by temperature T = 6000°K on wavelengths of a gas
laser (He-Ne), Ajgser = 0.6328 mm, and a ruby laser, Algser =
= 0.6943, coefficients fry = .1.2-10"3 (A = 0.6328 um) and
fgrp = 1.05.10-3 (A = 0. 69%3 um) .

Consequently, with the use of narrow-band filters it is
necessary to consider their attenuation of the background, and
then formulas (13.20) should take the form

]é = tV 14+ S%vemiﬁf’?(ntﬁff .
' (13.21)

PRSPLL SN
where 2= 9g 7 TV, is the spectral sensitivity of the PM on

the radiation wavelength of the laser; s(A) is the ordinate of
the curve of relative spectral sensitivity of the PM on the
radiation wavelength of the laser.

The needed values of Sk for various PM can be read from the
graphs presented in work [20]

! [Translator's note: Fig. 13.2 not presented in original
text.] ,
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Using relations (13.14) and (13.21), we obtain the final
expression for calculating the value

(D(l)

ke " el V J.S;_Bbw‘;%éna‘ynﬁ-)"n'{f.. }
it.b s().)né683 1/ s&ﬁ'sgé P = 1 . (13.22)
| . FH /s )
or ’
S, By A fR () Tor
:Qqé“—QU)L/1-+ Fena D, T’ (13.22a)

The change in the wvalue QA

depending on the wavelength
for various PM calculated from Ehe formula

f@gl — ke, 5éhﬂz i
x 5 () =683 T
' 'B i %‘M»,‘S’ [

is shown in work [20].

A general formula for calculating the range of acetion of a

locator with the presence of background is obtained from (13.15)
with consideration of (13.22)

I /4%_3591,1\ ff%n’é,&'r ToTES (r)-q§B3 V7. l

'I:Qq: c]fkf(l"}'f’b)ks“/ --Q:-TS—E—X ‘ (13-23)

BPM™ pe

xl/ | S,B Aempfn(mfru

The range of action against objects with corner reflectors

with consideration of equations (13. 16) and (13.22a) can be
determined from the formula

. o ) l
L= : ) !
(/——_k R (13.24) /354

i+ J’ ﬁw

/_ 6(P:Laser: reflAen appreflT%TtTOTf cos B 1,08

maa“)]/z SBD“VAet}anf’?m kS 2ate (




These formulas show that the range of action of a locator in-
creases not only with an increase in the power of the generator
and area of the entrance pupil of the objective of the recelver,
but also with a reduction in the angle of divergence, zone of
scan, and reduction in the effect of the background through the
use of narrower-band filters. They tie together the parameters
of the locator, object, medium, and background situation

and provide the opportunity to use the certified characteristilcs
of the recelvers in the calculations.
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APPENDIX

' TABLE 1. LUMINOUS EFFICIENCY AND EFFICIENCY OF THE EYE
FOR- SOURCES WITH DIEFPERENT TEMPERATERES

Tempera- |Efficienqruminous |[Tempera- [Efficien-Luminous’
ture of cy of* “lefficien-ture of | cy of |efficien-
emitter, Ki the evelcy Im/w lemitter,Kthe eye lcy, 1m/W
]

1200 6,10-10—6 0.00417 5500 1.30.10-1| 88,85

1300 2,00.10—3 0.01363 3720 1,34.101 91,350

1400 5,50-10—8 00,0383 | 660 1,36.10—1 a2 &80

1500 1,42-10—4 0.,0870 6500 i,37-10~1 093.60

1600 2,82.10—4 (0.1923 7000 1.35-10—t 92,90

1700 4.97.10—4 (¢.3260 7300 1.41-10—1 £9,50

1800 6.,00.10—4 0.4103 8009 1.26.10=1 86,10

1900 1,38-10—2 1,080 820G 1.21.10-1 &2 B0

2000 2.45-10—3 1,675 9000 1,14-10—1 77.50

2100 3.63-10—3 2.480 9300 1,07-10—1 73,00

2200 3.16-10—3 3.020 10000 9.88.10~2 87,30

2300 7,03-10—3 1.8 11000 9,18-10—2 64.70

2360 8.50.10—3 5.810 12000 8.40-10-2 | 80 &0

2400 9.33.10—3 6.370 13000 7.60-10-2| 3200

2500 1.20.16-2 8,20 14000 §.74-10—2 46,00

© 2600 1,51.1G-2 10,30 15000 5,?3-10—2 33,80

2700 1.88.10—2 12,80 16000 5.11.10—2 34,00

2830 2,43.10—2 17.00 17000 4.453.10—2 30.40

3000 3.09.10—2 25,10 18000 3.85-10—2 36,30

3100 3.52-10—2 24,10 19000 3.33-10-2 22,80

3200 4,04-10-2 27 .60 20000 3.u6.10~2 20,90

3300 4,47.10—2 30,50 25000 1,73.10—2 11.80

- 3400 4.93.10—2 33,80 30000 1.18.10—2 8.05

3500 3.07-102 35.040 33000 8.61.10-5 3,88

3730 6,82.10—2 46,70 400060 5,37-10—3 3,67

4000 8.10.10—2 35.30 15000 3.84.10=3 2.62

4250 9,24.10—2 63.20 30000 3.58.10—3 2,44

4500 1.03.101 70,50 55000 3,18.10—32 2,17

4750 1,11-10—1 75.80 60000- 2,64-10—3 1,81

5000 1,19-10—1 B1.30 63000 Z,11.10—3 1,44

5250 1,25-10—1 83,40 70000 1,33-10—3 0,99
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TABLE 2.

CHARACTERISTICS OF SOME HEAVENLY BODIES POSSESSING
THE GREATEST BRILLIANCE
-~ 1. U} R = :
- . 5|8, |vhe | Blumi-| 133367 | Geler
Lot. Stars and heavenly ay fm. v oh aﬁb& EUSE 1x W/ cml {:,‘ﬁ
. Eo | Vis : ©
ﬁﬂ bodies gL | o | 63alais | v g5
&2 TE, 0o | e B as I i e
! |Sirius (oCMa Canus Majory -S |[—1.6 |—1.43] Al [10300 |—0.64| 1.15-10-5] 1.73.10-1t | 0.03 0.05—0 12
2 [Canopus (aCar - Carina) | 'S |~0.9{—0.73] o0 | 7600 |—0.09] 5.60-10-6| 6.30-10-12 | 0.30] o 02 0.15
3 {Alpha Centauri (aCen) S 0.3 1-0.27] 0 | 6000 |--0.06] 4.00.10-c | 4.30-10-12 | 0.60! 0.08 0 40
4 {Vega (QLyr - Lyra) ‘N [—0.14f 0.04] A0 [11000 {—0.72] 3.00.10—G] 4.64-10~12 0.00 0.00—0:!.5
5 [Capella (dAur - Auriga) | 'N 0.21) 0,09) 0 6000 [—@.060 2.90.10-5| 3.12.10-12 | 0,60 0.06 0 .40
6 Arcturus {CLBOO - Bootes) 'N 0.24—'0.06 K2 3810 —0.72 8.30'10'—6 5.80'“)_1? ].[b 1.20 1.15
7 |Rigel (Rori - Orion) S 0.3 0,15/ ¥9 [12800 [—.16] 2.70-10=6 | 5.04.10—12 -0,09—0.29—0"20
B |Procyen (UCMi-Canus Minop) N 048 0.37] 5 | 66840 |—0,04 2.25.10~6] 2,40-10—12{ 0.44] 0.00 0.25
g Achernar (aEri _Eridanus) S 0.6(] 0.53 V-.’S 156400 —].58 [.‘.)."}IO—G 5.30-]”""—‘ --~0_”1‘\ 10 56—0‘3{’)
10 |Beta Centauri - RCen S | 0.86 0.66{ V1 [22500 ]—2.48] 1.75.10-6| 1.07.10~11 |—0.28|—1 .pol—0 48
Il |Altair (0Eri-Eridanus) 'N 0.80f 0.80/ A7 | BI00 1—0.22] 1.50-10-6[ 1.76.10-12 | 0,19 0;08—-0!07
12 {Betelgeuse (qOri - Orion) 'N 0.9 0.73] M2 | 3050 [—3.00 1.60-10—6| 7.00.10—12 | 1.57 1.8 1.7
13 |Alpha Crus {oCru) 'S 1.40] 0.87] W1 (22500 {—2.48) 1.40.10-6 B.54-10—12 c—D.?s—-l.OO—-U:‘iS
I+ |aldebaran (aTau - Taurus) N 1.06/ 0.85] K5 | 3330 |--1.35 .40.10-6| 3,52.10—t2 | ,1.52} 1.84] 1.35
15 |Pollux (¢dGem - Gemini) 'N 116 1.,16] KO {4200 |--0,54{ 1.10.10~6| 1,79-10~12 | 1.01f 0.86 1.05
I6 |Spica (GVir - Virgo)'! B 1.21] 1,000 W'Y (22500 |—2.48 1.26.10-6] 7,70.10—12 —0.28—1.00—0:48
17 |Antares {2Sco ~ Scorpiush S 1,201 0.98] M1 | 3400 |—1.70f 1.25.10-8| 3,70-10-12 | 1.48] 1.21] .40
I8 (Foralhaut (QPsA - Piscig S [ 1.29) .0,87) A3 | 9100 |—0.47| 1.40.10-6} 1.82.10~12 | 0.09] 0.07|—0 05
Austrinus ’
19 |[Densb (aCyg - Cygnus) N 1.33 1,26 A2 {9700 [—0.56] 1.00.10—6| 1.4f.10—12 | 0.071 0.06]—0.10
20 |Regulus (aLeo — Leo N 1.34) 1.38) V7 13600 [—1,24] 8.90.10-7] 1.84.10~12 —0.:3—0.47—0:22




ot

Radiation on wavelength X = 0.5300 um obtalned due to
tion of the master oscillator s = 1.0600 um with KDR

conversion of radia-

crystals.

TABLE 3. CHARACTERISTICS OF A SOLID-STATHE LASER o
] . Basiec characteristics
<5 |5” e w157 5%
gg‘ o Pulse [Radiation] Beam e g 2 5 | Overall E’
Brand Active S UE| ¥ o dura- | power in diver- gy g ¢ 3 | dimensions)
laser substance ,_alg< .’52 tion, | pulse, W gence, gﬂi '32 2 g- mm 2
o o 3
B85 s rad |y A0 |2 @ g
OGM.20 Ruby 0.60M3  0.4{ 20. to~9 2. 108 8:-10—1 | 1 BNO 1 1500 | 523.4915%13%0( 110
Glass with
ES5I-1 admixture J1.06000 75 7104 [ns 2.25-10—2] 0,1 1200 - — 20%)
giupecdy-
: Glass with
GOS-100M admixture .|1,0600{ 250 {1.5-10-3| (,7.105 — | 0.01 30000 | 3000 N -
of neo=-
dymium
GOR3IN Ruby 0,6043] 300 e —_ 1.8-10-2f 0.003} — 700 | 160%610;<250 33
- IT.118 Calcium  |1.0600] — - 0.1 - - - | < - 10
tungstate , Continu~
ous mode
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TABLE 4. BASIC CHARACTERISTICS OF GAS LASERS

1 i Basic characteristics

-rét.%' Power-supply source
. S 1o &% o
Radia- . . ) . 4 - o o
Brand active [tion  |Radiation (?Per_a"a?am bimen £l 8° ta ©2 |overall #i
laser sub- ~ |Wave- |power, W|ting = |diver-|SiOnS © o| Type |29 |8, |dimen— |2
‘ ctance jlength mode |gence,|radiating §5 22 128 |sions 0
Hm rad |head’ o gg‘fga |
. .OKG-t1] | He—Ne | 0.6328 | 2.10-2 [Continfu5—3)x - - - - 1 — - -
ous X 10-3
LG-35 He—Ne | 0.6328 | (8—10)x [COPtint @ oy« | 1530x240%| 45 |[The -} — | 530 | 450370 | 20
I.15 % 10—2 uous . | wig—4 w 308 same %230
LG-55 | He—Ne | 0.6328 | ¢1—9yx Lontin-l5_3)x{ 363x72x58] 1.5 Direct| — |66BA 297X 166X | 5
x10-3 uouse | w10-3 " |current 150
"Malakhit" Ar 0.4545+] 0.2—0.5 Contin- — 870412x | 40 - — -— — —
0.5145 uous - K245 T
"Prometel’l co,4. | 10.8 so  [POREINT | isoox150x| — Direcei —~ | 2000 | t100x650%| —
a0 +Ng+He| - » 150 R curren w830

s
(oY)
i
—~1
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TABLE 5. CHARACTERISTICS OF SEMICONDUCTOR LASERS
Spec- I o ]
; bxun S0l s |58 wiacn 0|52 | B
Brand T £|Radia- |widen |OPera-|Fre- .| &g bgs lafog IR 0L g | £ loverall
- Pition s ting - tquency| o i S 45 g Peam, &5 | 9 |dimensions
laser 2o & ©wg MhmrﬂgﬂE rad H8 | 0 ’
5 8 yaves SRR DO e B b ag g |
length- ulses| g -
il PRz 1~ * | 8881258 88 | &
8-51 Ga—Ary 0,90 — | Pul-- 2 100 (200 [ 2.0| 0.58x ttodsn
: sed > 29001 :
D.85 —_ . - ) & —_ — to 71 0.4
0.85 - . - 600 | 20 - - to 771 0.4
- . 0,01--0,1] 50 4 — 0.35x0.35x]| 300 | 0,002
x2.9. 104
RCA . "9.1585 50 . 50 9| 12 — §0.35x0.35x| 300 | 0,06
_ . L | X210+ . 12x6x2.5
MyZ + | 0.656-0,85 B . — 150000 0,5 — 0.33x0.35x| 77 | 0.15
%2.9.10—4 .
- FKG ’ 0,85 5 . 10 100 [10—12] — —_ 300 | 0.15} 170110200
"Kometa-1] ., |0.84-0,88} 20 . [o.04-1.0f 200 3 | — — 10,15 | 170 110%200
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TARLE 6. COEFFICIENTS OF SPECTRAL TRANSMISSION OF THE ATMOSPHERE
DEPENDING ON THICKNESS OF LAYER OF PRECIPITATED WATER
VAPOR (AT SEA LEVEL)

Wavelength | Thickness of layer of precipitated water vapor, W, mm.
Y
o1 | o5 | 1 1 & | w 1w [ s} 10 | 2w | sm | 10m
i B
0,3 0.980 0,955 0.937 0.860 | 0,802 0.723 0.574 0,428 0,263 0.076 0,012
0,4 * 0,980 0,955 0.937 0,360, 0.802 0.723 0,574 0,128 0,263 0.076 0.012
n.5 0.986 0,968 0.956 0.90} 0.861 0,804 0,695 0.579 0.433 0.215 0,079
0,6 0.930 0.977 0.968 0.929 0,900 0,860 0,779 0,692 0.575 0.375 0.21G
0,7 0.991 0.980 0.972 0,937 0.910 0.873 0,800 0.722 0.615 0.425 0,260
0,8 0.989 0.975 0.965 0,922 0,891 0.845 0.738 0,663 0.539 0.330 0.168
0,9 0,965 0,922 0,800 0,737 0.661 0.535 0.326 ¢,165 0.050 0.002 0
1.0 0,990 0.977 0,968 0,920 0,900 0.860 0,779 (.692 0.575 0.375 0,210
1,1 0.970 0,932 0,905 0.790 0,707 0.595 0,406 0,235 0.003 ¢.008 1]
1,2 0.98) 0,955 0.947 0,860 0.802 0.723 0,574 0.428 0.263 0.076 0.012
1,3 0.720 0.432 0.268 0,m3 0- 0 0 0 D 0 0
1.4 0,930 0,84 0.782 0,536 0.331 0,216 0,064 0.005 0 0 ]
1.5 - 0,997 0.991 0,988 0,972 0,960 0,944 0.9 0.874 0.823 0,724 0,616
1,6 0.908 0,996 0,994 0.98G 0,980 0,972 0,936 0.937 0.911 0.360 0.802
1,7 0,998 0,996 0,994 0,946 0,980 0,972 0,956 0,937 0.9 0.860 0.802
.1,8 0,792 0,555 0.406 0,062 G.008 0 0 0 0 ] 0
1,9 0.950 0,911 0,874 0,723 0,617 0.479 0,262 0,113 0.024 0 0
2,0 01,035 0,966 0.953 0,894 0.851 0,790 0.674 0,552 0.401 0.184 0,008
2,1 1,997 0,991 0,088 0.972 0.960 0,944, ] 0,91 0,874 0.823 0.724 0.616
2,2 0.993 0.996 0,991 0,985 0.980 0,972 0.956 0,937 0.911 0.860 0.802
2,3 0.997 0.991 0,088 0,972 0,960 0,944 0.911 .1 D874 0.823 0.724 0.616
2.4 0.980 0.955 0,937 0.860 0,802 0,723 0,574 0.428 0.263 0.076 0.012
2.5 0,930 0.844 0,782 0,536 0.381 0.216 0,064 0,005 0 0 0
2,6 0.617 0.261 0.110 0 0 0 0 a 0 n 0
2,7 0,351 0,040 0.004 0 ¢ 0 0 0 0 0 1]
2.8 0,453 0,092 0.017 0 U G 0 ,0 0 1] 0
2,9 0.639 0,369 0,205 0.005 G i 0 0 0 0 0
3,0 0.851 0,673 0.552 0,184 0,060 0.008 0 0 ] 0 0
3,1 0,900 0.779 0,692 0.375 | 0,210 0.076 0.005 0 0 0 a
3,2 0.325 0.833 0,766 0,506 0,347 0.184 0.035 0.003 0 0 0
3,3 0.950 0.888 0.843 0.658 G,531 0.377 0.161 0.048 0.005 0 )]
3,4 0,973 0.939 0.914 0.811 0,735 0.633 0.448 0,285 0.130 0.017 0.001
3,5 0.988 0.973 0,962 0,915 0,881 0.832 0.736 0.635 0.3502 0.287 0,133
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TABLE 6 [continued]
Wavelength | Thickness of layer of precipitated water vapor, W, mm
bV oa T oas | v 0 s b w0 | s 4 s | e | e 1 s0 | tow
3.6 0,594 0,987 0.982 £.038 0.947 0.915 0,866 0,812 0.738 0.596 0,452
3.7 0,997 0.991 0,088 0.972 0,960 0.911 0.911 0,874 0.823 0,724 0,616 .
3.8 0.998 0,995 10,0y 0 /086 0,980 0,972 0,036 0,937 0,911 0.860 0,802
3.9 0.498 0,995 0,994 0.986 £.950 0,972 0.936 0,937 0.951 0.860 0.802
1.0 0.997 {4,993 i), 990 0.977 0.970 0,950 0,530 0,900 0,870 0,750 0,700
S 4,1 0.997 0,991 0,933 0,972 0,960 0,944 0,911 0,874 0,823 0.724 0,616
1,2 0.994 0,987 { 0982 (.958 0,947 0,018 0,866 0,812 0,738 0,596 0,432
1.3 149} 0.973 0,972 0.937 .91 0,873 R 0.722 t.615 0.425 0260
4.4 0,980 N,953 0.037 0,860 i} /02 0,723 0,374 0.428 0,263 0.076 0,012
1.5 0,970 | 0,032 0,945 0,790 0,707 0.395 i,.400 0,233 0,093 0,008 ]
4.6 0.986 0,911 0.574 0,723 0,617 0.478 0,262 0,113 0,024 0 . 0
4.7 0,930 0,888 0.743 0.658 .53 0.377 },161 0,048 0.005 0 0
4.8 0,940 0.586 0812 0.595 0,452 1.289 0117 0.018 0.001 0 0
4.9 0.930 0,544 Q782 0,536 0,381 0,216 0,061 0,003 0 0 0
5.0 0.915 0,8:1 0.736 0,451 0,286 0,139 0,017 0 0 0 0
3.1 0.5% 0.747 0.649 0,308 0,018 .| 8,04 0.001 0 0 0 0
3.2 0,346 0,664 0.53%9 0,168 0,052 0.006 0 0 0 0 0
3.3 0.792 0.333 0,408 0.062 0.0u8 0 0 0 ] 0 0
3.4 0.726 0,432 0,208 0.013 0 0 0 0 0 0 0
3.5 0,617 (.261 0,110 0 0 0 0 0 0 0 0
3.6 0,491 0.121 0,029 0 ] 0 0 0 0 0 0
5.7 0,361 0,040 0.0 0 0 0 ! 0 0 0 0
5.8 0,141 0,001 0 0 0 0 0 0 "0 0 0
3.9 0.14] 0,001 0 0 0 0 0 0 0 & 0
6,0 0,180 0.003 1] 0 0 0 0 0 0 0 0
6.1 0,260 0.012 0 0 0 i} 0 0 0 0 0
6.2 0.532. | 0,313 $.153 0.001 9 0 0 0 0 0 0
6,3 0,552 0,152 0,050 0 0 0 0 0 0 0 0
6.4 0,317 0,025 7,002 0 0 0 0 0 o 0 0
6.5 0,164 0.002 3 0 0 0 0 0 ] 0 0
6.6 0,138 0,001 9 0 0 0 0 0 0 0 0
6.7 0,322 0,037 {.002 0 0 i 0 0 0 0 0
6.8 0,351 0.040 {004 0 0 0 0 0 ) 0 0
5.9 0,416 | 0,068 ¢.010 Q 0 0 0 0 0 0 i
T 0,532 0.048 0 0 0 0 0 0 0 J]

0,161
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TABLE 7. COEFFICIENTS OF SPECTRAL TRANSMISSION OF THE ATMOSPHERE /361
WITH ATTENUATION OF RADIATION BY CARBON DIOXIDE DEPENDING ON
LENGTH OF PATH (AT SEA LEVEL)

lgg;%ﬂ 1 Length of path, L, km
X 1 ot ] o5 1 1 1 2 1 5 | w | o | s» 1 wo | 2 | 50 | wom
!
0,3—1.2 1,000 1.000 1.000 1,000 1,000 1,000 1.000 1.000 1.000 1.0 1,000 1.000
1.3 1,400 1,000 0.5 0.99% 0,409 0,908 0,997 0,506 0.,OH 0.2 0,987 0,952
1.4 0,796 06.902 0.988 0,984 0,975 0,961 0,u19 0.919 . 485 0.834 0,747 0.619
1.9 0,99 0.998 0.998 0.997 0,995 0,093 0,490 {1,981 0,476 0,967 0.919 0.927
1.6 0,296 0,992 0.088 0.984 0.975 0,964 0,949 0,719 0.485 0,838 0.747 0.649
1.7 1,000 1.600 0,909 0.99% 0.999 | 0.998 087 0.996 0.994 (1,992 ).987 0,982
1.8 1,000 1,060 '] 1.000 1.000 1.000 1.000 1.u00 1.00D 1,000 1.000 1 .000 1.006
1.9 1,000 {.000 0.999 .99 0,590 0,998 0,997 0.996 0,494 0,992 0.9587 0,982
2.0 0n.978 0.931 0.931 0,003 0,847 0,783 0,699 0,341 0.387 0,22t 0.033 0.006
2.1 0,998 0,996 0,994 0,902 0.987 0,952 0,974 1,959 0,942 0.919 0,872 | 0.820
2.2-2.6 1,000 1.0i0 1.000 1,000 1.000 1.0030 1.0a0 1,000 1,000 1.000 1,000 1.000
2.7 0.7 0,569 0,419 0,253 0071 0,041 N 0 N )] f 0
2.8 0871 | 0605 | 0578 | 032 | 028 | 0070 | 0.013 | 0 0 0 0 0
2.9 0.97 0,993 0,900 1,983 0977 0,968 093¢ .} 0,927 0,808 0,835 0,772 0,688
3.0—-3,9} i.000 1.0800 1.000 1,000 1,000 1,000 1.008 1,000 1.000 i.hon 1.000 | 1.000
4.0 n,998 0.996 0,991 T 0,901 G 986 0,986 0.971 4,955 0937 0,911 0,832 0,802
4.1 0.943 0,961 0,844 04921 0.876 0,825 0,753 ), 622 0,485 0,322 0,118 0.027
4.2 0.673 0,445 | 0,182 1,059 (3,003 0 0 0 ¥ 0 0 g
4.3 0008 | o 0 0 0 0 0 0 0 ) 0 0
4.4 0.481 0.t15 0.026 §{ 0,602 0 0 0 0 n 0 h] 0
4.5 0,937 0.903 0.863 0,807 0.499 0,585 0.439 0,222 0.0814 0,014 0 0
4.6 0.5 0.989 0.085 0,978 0,966 0951 0,931 0,89} 0.815 0,783 0.663 0,539
4.7 0.995 0.989 0,985 0,978 0,966 0,951 0.931 0,891 0,815 0,783 0.663 0.339
4.8 0.976 0.915 0,922 0,891 0.828 0,759 0,664 0.492 0.43] 0,169 0,030 0,002
49 0.975 0.913 0.920 0,846 0.822 0.750 0.652 0,468 0.413 0.153 0,024 {0,001
3.0 0.939 0,997 0,995 0.994 0,590 (986 0,979 0,968 0.y54 0,933 0,897 | 0.B35
5,1 1.000 0.999 0,998 0.998 0,996 0.994 0,992 0.688 0,484 0,476 0.961 0.946
5.2 0,956 .| 0.964 0,955 0.936 0.809 0,857 0,799 0.6587 0,560 420 (.20 0.072
5.3 2.8937 '] 0.993 0,989 0.084 0,976 0,966 0,951 0.3 0.801 h.d-lﬁ (.760 0, U686
6.4—7.6G 1.000 1.000 §.000 1.000 1.000 1,000 I, 600 1,900 1.0bo 1.000 | 1.000 I.000
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TABLE 8. BASIC CHARACTERISTICS OF PHOTOMULTIPLIERS Lsfg_
=

m'-l‘i-:l _‘9'_1§ :;:D-I “HE\ F\%. ) ‘ - ] "’Iitm[n

PM s 8a8a g SR | s | tpe) Cmw TSt hel (e
oSTTR | 5| o | )| e g ag | e daze | Tk

25128 | & R -
PM.isAlgs | 20 lo.04o2f1700li.10-7 | 40 | 30| 8,20-10-12 | 664 500 | 4.95.10=13 | 1,73 100701 24100 § 08-10—H
PM 1TAIS 6 | 16X 5[0.0158[14003- 10--7 } 20 {1000 232 | 1.66.100] 2,08.10=13 [-2.1101 | [,05-108| 3.30-10-15
PM.25 156 0,0158{170016-10-9 | 35 4 5.85-10-12 | 580 66.4 | 2.53.10—13 | 3.68- 101} 4,70- 1091 5.55- 10~
pma27 (871 25 [0.0473[110015.10-9 ] 30 1| 1,15-10~-11 ] 500 16.6 | 6,95-10-13 | 1.06-10¢} 3,51.107] 3.34.10-1
PM.31 1S 6 125 em2lD,015811400(3-10—7 | 20 | 10| 4,47-10—11 ) 332 ‘g6 1 2.70.10-12 12,1100 1 118104 4,25.10—14
PM .46 1S 6 0.0158 (.10~ 30| 10 5.16.10-13 | 500} 166 | 3.12-10-H 3.16-104} 1,18-101] 4,90-10—16
PM.18AlS 9 0.0172 1.0l 30| 10| 5,16-10—18 | 500 166 3.12.10-14 | 2,9-101 | 9.65-103] 5.31.10-18
PM.52 ls8 ]| 70 10.0176,1800(6.10-8 |~45 | 10} 1.03- 101 750 166 6.20.10—13 | 4 25.104] 9,43.109}"1,09-10—14
PM.g2 50| 10 |o.208 [1300]6-10-8 | 15 1] 5,65.10~11 ] 250 16.6 1 3.42-10—12 | 1,2.108 80 6.80-10—13
PM-.gs 1561 & (0,0058]1500l5. 10-8 | 25 |1000] 1.26.10—12 | 415 1.66-104| 7.60.10—14 | 2,6.104 | 1.18.108} 1.20-10-13
PM-67 96| 10 [0.0158{1250{5.10-9} 20 A 8.16-10—12 | 332 50 | 4.53-10—13 {2,1.104 {3,50-108] 7.77.10-15
PM .63 B 11] 10 l0,0418[1400]i.10-8{ 6D 1} 1.15-10=11 | 1000 16.6 | 6.05-10—13 | 2.39-104] 4.00-102| 2.80-10~14
PM .71 K .15 16 0.0156{1000[1.10—81 30 | 100} 1.63.10—12 1.66.10%] 9.82-10—14 | 3,2.101 }1.06-105] 1.53.10-13
1300|5107 1000] 3.65-10—12 | 500 |,86-1041 2,20.10—13 1.06.108{ 3.42-10-13




10.

11.

REFERENCES

|

Alekseyev, K.B. and G.G. Bebenln, Upravleniye kosmicheskimi
letatel'nymi apparataml [Control of Spacecraft], Mashino-
stroyeniye,Moscow, 196L.

Beletskiy, V.V., Dvizheniye iskusstvennogo sputnika otnosi-
teli'no tsentra mass [Movement of an Artificial Satellite
Relative to the Center of Mass], Nauka, Moscow, 1965,

Bramson, M.A., Infrakrasnoye izlucheniye nagretykh tel [Infra-
red Radiation of Heated Bodies], Nauka, Moscow, 1965.

Bramson, M.A., Spravochnyye tablitsy po infrakrasnomu izlu-
cheniyu nagretykh tel [Reference Tables on Infrared Radia-
tion of Heated Bodies], Nauka, Moscow, 1964.

Watanabe, K., "Processes of Absorptlion of Ultraviolet Radia-
tion in the Upper Atmospherg," in the book Issledovaniye
verkhney atmosfery sipomoshch!vy raket 1 sputnikov [Investi-
gation of the Upper Atmosphere with the Ald of Rockets and
Sagellites], Foreign Literature Fubllshing House, Moscow,
1961.

Volosov, D.S. and M.V, Tsyvkin, Teoriya 1 raschet svetoopti-
chesklkh sistem [Theory and Design of Light-Optilcs Systems]
Iskusstvo, Moscow, 1960.

Voronkova; Ye.M. et al., Opticheskiye materialy dlya infra-
krasnoy tekhnikil [Optical Materials for Infrared Equipment],
Nauka, Moscow, 1965,

Jamisson, J.E. et al., Fizika i1 tekhnika infrakrasnogo izlu-
cheniya [Physics and Equipment of Infrared Radiation],
Sovetskoye radio, Moscow, 1965.

Yefimov, M.V., Avtomatichesklye sistemy s opticheskimi obrat-
nymi svyazyami [Automatic Systems with Optical Feedbacks],
Energiya, Moscow, 1969.

Zuyev, V.Ye., Prozrachnost' atmosfery diya vidimykh i
infrakrasnykh luchey [Transparcncy of the Atmosphere for
Visible and Intrared Rays], Sovetskoyc radio, Moscow, 1966,

Ivandikov, Ya.M., Optiko-elektronayye pribory dlya oriyen-
tatsii 1 navigatsil kosmicheskikh apparatov lRledtro-optical
Instruments for Orientation and Navigation of Spacecraftﬁ,
Mashinostroyenilye,Moscow, 1971.

409

~
a0
o
L



13.

14.

15,

16.

17.

18.

19.

20.

21.

-
bt

23,

24,

410

wouar, A.N. and B.F. Fedorov, Opticheskliye kvantovyye gen-
eratory v voyennom dele [Lasers in Military Affairsl],

Sovetskoye radio, Moscow, 1966.

Isayev, S.I. and N.V. Pushkov, Polyarnyye siyaniya [Polar
Auroras], Izd-vo AN SSSR, Moscow, 1953.

Katys, P.G., Informatslonnyye skaniruyushchlye sistemy fInfor—
mation Scanning Systems], Nauka, Moscow, 1965.

Karachentsev, I1.D., "The Influence of Micrometeorites on
Optical Surfaces," in the book Iskusstvennyye sputniki
Zemli [Artificial Earth Satellites], Izd —vo AN SSSR,
Tssue 15, Moscow, 1963.

Kozelkin, V.V. and I.F. Usol'tsev, Osnovy infrakrasnoy tekhnikl"
[Principles of Infrared Equipment], Mashinostroyeniye,Moscow,

1967.

Kondrat'yev, K.Ya. and K.Ye. Yanushevskaya, "Angular Distribu-
tion of Departing Thermal Radiation in Various Regions of
the Spectrum,”" in the book Iskusstvennyye sputniki Zemli
[Artificial Earth Satellites], 1zd-vo AN SSSR, ILssue 10,
Moscow, 1962.

Kriksunov, L.Z. and I.F. Usol'tsev, Infrakrasnyye sistemy
obnaruzheniya pelengatsii i1 avtomaticheskogo soprovozh-
deniya dvizhushchikhsya ob'yektov {Infrared Systems for
the Detection, Directlon Finding, and Automatic Tracking
of Moving Objects], Sovetskoye radio, Moscow, 1968.

Kulikovskiy, P.G.,Spravochnik lyubitelya astronomii [Reference
Book for the Amateur Asfronomer ], Filizmatgiz, Moscow, 1964.

Lazarev, L.P., Infrakrasnyye i svetovyye pribory samonave-
deniya 1 navedeniya letatel'nykh apparatov [ Infrared and
Luminous Instruments for Homing and Guldance of Aircraft],
Mashinostroyeniye, Moscow, 1966. '

Luk'yanoﬁ, 3.Yu., Fotoelementy [Photocells, Jzd-vo AN SSSR,
Moscow, 1948.

Mikoutov, D.D., Astronomicheakaya optikn [Astronomle Optiesd, /
G, Luho. '

Markov, M.N., Priyemniki infrakrasnogo lzluchenlya [Infrared
Radiation Receivers], Nauka, Moscow, 1968,

Meshkov, V.V., Osnovy svétotekhniki, [Principles of Illumina-

tion Engineering], Part 1, Gosenergolzdat, Moscow, 1957.°

IV

3y

!



25.

26.

27 .

28.

29.

30.

31.

32.

33.

34,

35.

36.

37 -

Miroshnikov, M.M.,

"A New Trend in Infrared Equipment --

Television," Trudy Gosudarstvennogo Opticheskogo instituta

im. 8.I. Vavilova XXIX,

Mirtov, B.A.,

Issue 158 (1965},

"Meteoric Matter and Problems of Geophysics of

the Upper Layers of the Atmosphere," in the book Iskus-
stvennyye sputnlkl Zemli [Artificial Earth Satellites],

Izd-vo AN SSSR, Issue I, Moscow, 1960.

Mikhnevich, V.V. et al., "Some Results 1n Determining Para-
meters of the Atmosphere," in the book ISkusstvennyye

sputniki Zemli [Artificial Earth Satellltes], Izd-vo AN SS3R,

Issue 3, Moscow,

Moroz, V.I.,

1959.

"About the Earth's Dust Shell," in the book

Iskusstvennyye sputniki Zemli [Artificial Earth Satellites],

Izd-vo AN SSSR, Issue 12, Moscow, 1962.

Nazarova, T.N., "Investigation of Meteoric Dust on Rockets
and Artificial Earth Satellites," in the book Iskusstvennyye

sputniki Zemli [Artificlal Earth Satellites], Izd-vo AN S3SER,

Issue 12, Moscow,

Frishman, N.G.,

1962,

"Distributlon of Energy in Spectra . of Polar
Auroras in the Region of 3900-8707 A," Optika i spektros-
kopiya 6 (1959).

Olesk, A.0., Fotorezistory [Photoresistors], Energiya, Moscow,

1967.

Paviov, A4.V. and. D.P. Shelkovnikov, "How to Calculate Integral
Sensitivity," Tekhnika 1 vooruzheniye (3) (1961).

Petrov, V.P., Kosmicheskiye stantsii pogody [Weather Sat-

ellites],

Malkevieh, M.C., ed.,

Izd-vo AN 3SSSR, Moscow, 19b66.

Rakety 1 iskusstvennyye sputniki v

meteorologii [Rockets and Artificial Satellites in Meteoro-

logy], Forelgn Literature Publishing House, Moscow, 1963.

Safronov, Yu.P., Yu.G. Andrianov, and D.S. Iyevlev, Infra-
krasnaya tekhnika v kosmose [Infrared Equipment in Space],

Voyenladat,

Salevnev,

V.P.

Mosicow,

and M.L.

1963.

Klrast,

Sistemy navipatsil kosmlchen-

kikh letatel'nykh apparatov [Systems for the Navigation of

Spacecraft], Voyenlzdat, Moscow, 1965,

Smith, R.,‘F. Jones and R. Chesmer, Obnaruzhenlye i izmerenlye
infrakrasnogo izluchenlya [Detection and Measurement of

Infrared Radlation], Foreign Literature Publishing House,

Moscow,

1959.

411



38. Soboleva, N.A., A.G. Berkovskly, N.O. Chechik, et al.,
Fotoelektronnyye pribory [Photoelectronic Instruments],
Nauka, Moscow, 1965, :

39. Spravochnaya kniga po svetotekhnike [Reference Book on
Tilumination Engineering], Izd-vo AN SSSR, Moscow, 1956.
! 4

40. Elektrovakuumnyye pribory, spravochnik [Vacuum - .
Tube Devices, Reference Book], Vol. III, Minlstry of the
Electronlcs Industry, 2nd edition, 1967.

41. Sputniki svyazi [Communication Satellites], Voyenlzdat,
Moscow, 1966.

42, Tverskey, P.N., ed., Meteorologiya [Meteorologyl], Gldrometeo-
izdat, Moscow, 1951. :

43, Tikhodeyev, P.M., Svetovyye lzmerenlya v svetotekhnike {[Light
Measurements in Illumination Englneering], Gosenergolzdat,
Moscow, 1962.

44, Tudorovskiy, A.I., Teoriya opticheskikh priborov [Theory of
Optical Instruments], Izd-vo AN SS3R, Moscow, 1970.

45, Turygin, I.A., Prikladnaya optika [Applied Optics], Mashino-
stroyeniye, Moscow, 1965.

46. Fabri, Vvedeniye v fotometriyu [Introduction to Photometryl],
ONTI, 1934.

47. Frimmer, A.I. and I.I. Teubkin, ed., Poluprovodnikovyye foto-
priyemniki 1 preobrazovateli 1zluchenilya (Sbornik statey)
[Semiconductor Photoreceivers and Radiation Converters
(Collection of Articles)], Mir, Moscow, 1965,

48. Khrigian, A.XKh., Fizika atmosferl [Physics of the Atmosphere],
Gostekhizdat, Moscow, 1953.

49, Chechilk, N.Q., S.M. Faynshteyn, and T.N. Lifshits, Fotoelek-
tronnyye umnozhiteli [Photomultipliers], Gostekhlzdat,
Moscow, 1957.

50, Churllovakly, V.N., Teoriya optichenklkh privorov [Theory of
OptLlcal nstruments], Mashinootroyenlye, Moncow, 100606,

51. Yakushenkov, Yu.G., Fizicheskiye osnovy optiko-elektronnykh
priborov [Physical Propertiles of Brectro-Optical Instruments],
Sovetskoye radio, Moscow, 1965.

52. Aviatsiya i kosmonavtika (10) (1965); (2) (1963).

4i2



53.

54,
55.
56.
57.
58.
59.
60.

61.

62.
63.

64,

65.

66,

67.

68.

Voprosy raketnoy tekhniki (6) (1963); (10) (1969).

Pol', A.I., "Results of Visual and Photometric Observation
of Polar Aurocras," Geomagnetizm i aeronomiya 1 (1961).

Raketnaya 1 kosmlcheskaya tekhnika [Missile and Space Techno- /365

logy] 1964-1965.

Issledovanlye kosmicheskogo prostranstva [Investigation of
Outer Space],Journal of Abstracts (4, 7, 9) (1966).

Arck, M., "Simulator Proves Operation of Horizon Sensors,"
Automatlc Control 15(3), 21-26 (1961).

Astheimer, R.W., "Infrared Horizon Sensors for Attitude
Determination,"™ Peaceful Uses of Automatlcs in Outer Space,
Pienum Press, New York, 1966. :

Astheimer, R.W., Infrared Horlzon Sensor Techniques for Lunar
and Planetary Approaches [sic].

"Beller, W. and R. Van Osten, "Mariner Carrier Planet Fly-by

Hopes," Missiles and Rockets 8(1,2) (1961).

Bishop, D.R., "Horlzon Seeker Errors Arising Out of the

Statistical Properties of the Horizon," Amer. Astronaut. Soc.

[sic] 96 (1961).

Kendall, P.E. and R.E. Stalcup, "Attitude Reference Device for

Space Vehlcles," Proc. IRE 48(4) (1960).

Kovit, B., "Infrared Horizon Sensor Guides Planetary Orbiting,”

Space Aeronautics 35(2), 131-133 (1961).

Newcomb, A.L. et al., "A Novel Moon and Planet-Seeking Attitude

Sensor for Use 1n Spacecraft Orientation and Control, IEEE
International Convention Records (4), 48-53 (1965).

Hanel, R.A., W.K. Bandech, and R.T. Conrath, "The Infrared
Horizon of the Planet Earth," NASA Preprint, Goddard Space
Flight Center, Greenbelt, Md., August 1962, pp. 1-20.

Navigatlon 3(3) (1966).

Wermser, L.M., "Infrared Instrumentatlon: A Sure Bet for
Spacecraft," Space Aeronauties 36(2), 127-142 (1961).

Peaceful Uses of Automatics in Outer Space, Plenum Press,
New York, 1966, p. 119.

h13



69. Miller, B., "New IR Space Sensors Add to Reliability," Aviation
Week, 68-71 (1964).

70. Schwarz, F. and T. Falk, "High Accuracy, High Rellability
Infrared Horizon Sensors for Earth, Lunar and Planetary Use,"
Navigation 13(3), 246-259 (1966).

414



